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THE SOURCES OF NITROGEX FOR PLANTS 

A. General 

Tho atjnosphcro and the soil ere possible eources of nitrogen for 
plants. The atmosphere has vast n>^cfvc«» of elemental nitro;^n, with 
traces of ammonia and other gaseous nitrogen comjionmls, JnuN 
contain nitrate, ammonium, and usually oignnie nitrogen comj’wiind* 
It has not always been rrcogiiizwl that nitrogen i< es.senti.il for plant 
growth. A’an Hclmont (1577-IC^I) publWie<I postbimiotisly in 
data believed to show that it requires only water. His cuj'erimrnt, 
carried out at Brussels and famous as an early quantitative sttuly in 
plant physiology, was describe<l as follows: T took an e.srthen 
in sshich I put 200 pounds of soil dried In an oven, then 3 mobfcnwl the 
soil with rain w.nter and pressed into It n <ullow slioot neighing !> 
pounds. After e.tnctly G yenn there had grown a tree wrlching K-'^ 
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Somewhat earlier the importance of nitre in plant nutrition was stressed 
hy Glauber (1G5G) andSIayow (1674). Davy (1S3G) quoted a statement 
by Sir Kenelm Digby in 1661 that barley grew weiy vigorously after 
being watered with a weak solution of nitre, but dismissed the obser- 
vation as that of a ‘speculative -writer’. Glauber found accumulations 
of nitre in soil impregnated -with the excreta of cattle, and concluded 
that it originated in plants eaten by them. On finding that nitre greatly 
increased the yield of crops, he proposed it as the ‘principle’ (chief or 
sole nutrient) of vegetation. Mayow showed nitre to he present in soils 
in tbc spring at the beginning of plant growth, but foimd none in soils 
which had supported abundant plant growth. This change ho attributed 
to removal of nitre from the soil by gro-wing plants. 

Lemery (1C93) attributed to ‘a salt resembling saltpetre’ the value 
of manure and other materials used to increase the fertility of soil; he 
added that such a salt could be extracted from some plants bnt not 
from others. EvcI^ti (1074) stressed the value of saltpetre in the 
foUorring words: T firmly believe that were saltpetre (I mean factitious 
nitre) to bo obtained in plenty, we shotdd have need of but few other 
composts to meliorate our ground.* Stubbs (1C07, 2608), noting that 
tobacco grown in some parts of Jamaica flashed when smoked, con- 
cluded that the ground was full of saltpetre. Sugar cane cultivated in 
such ground grew bigger and faster than elsewhere, and potatoes 
(whether Solanum tuberosum or Ipomoca batatas is not indicated, but 
the latter seems more likely) matured earlier. Both the sugar cane and 
the potatoes kept badly and the cano juice did not boil well to sugar. 
It is interesting that tlic adverse cfTccts of excessive supplies of nitrate 
on sugar production were recognized so early; they were confirmed, 
both with cane and beet, by many later workers, e.g. Barral (1878). 
The importance of nitre as a plant nutrient was also recognized by IVolfF 
(1723). Stahl (1747) detected nitrate in the green parts of Fumaria, 
Parictaria, and ATcoh’ana tabacum. 

By ISOO the work of rriestlcy,lngcnhousz, Sfnebicr, and Be Saussurc 
established that plants obtained their carbon from atmospheric carbon 
dioxide. Be Saussuro (1864) recognized nitrogen as an essential plant 
constituent, and showed that his experimental plants obtained it from 
the soil, not from the air. His work marked a great advance in technique, 
but had little immcfliate effect on general opinion in ngrictiltural science. 
Bavj* (tS3C) remarked that the nitrogen of plants ‘may bo suspected 
to ^ derived from the atmosphere; but no cxi>criment8 have been made 
•which prove this; this might easily be instituted upon mushrooms and 
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substances being liberated by decay of plant material and so passing 
in a continuous cycle between the plant and its environment. This was 
valuable exposition of sound though not new ideas; unfortunately 
Liebig also used his great prestige to support the erroneous theory that 
atmospheric ammonia was the main source of nitrogen for plants. He 
postulated a formal analogy between their uptake of carbon and of 
nitrogen, each being assimilated in gaseous form, carbon as carbon 
dioxide and nitrogen as ammonia. He held that nitrogen nutrition was 
identical in all plants, casting quite unjustified doubts on the analytical 
methods by which Boussingnult established the special position of 
legumes. 

Gaseous ammonia at low concentrations is assimilated by nitrogen- 
deficient plants, their pale yellow-green leaves soon turning dark green 
(Ville, 1850, 1852; Meyer & Koch, 1873; Schloesing, 1874). Normal air, 
however, contains insignificant amounts of ammonia (Mulder, 1844; 
Villo, 1853). Plants derive nitrogen mainly from inorganic compounds 
in the soil or, by bacterial Q*rabiosis, from the free gas. The need of 
non-logumes for combined nitrogen in tlio soil was clearly shown at 
Rothamsled (Lawes, l847;Lawc8 & Gilbert, 1851, 1855), and by Salm- 
Horstmar (1851) who grew oats in calcined sand with ammonium 
nitrate aa nitrogen source. He also confirmed tlie observation (Gris, 
1844) that plants require iron for healthy growth, becoming chlorotic 
in its absence. This demonstration requires good pot-cuUurc technique, 
the small requirement for iron being easily masked by its absorption 
from experimental vessels or from salts used to supply other 
elements. 

Tlio assumption that cither atmospheric ammonia or organic 
materials in the soil provided the main source of nitrogen for plants 
was gradually abandoned during the first half of the nineteenth centurj’. 
Since that time attention has been focussed on nitrates and ammonium 
salts ns Available forms of nitrogen. The absorption of nitrogen is more 
complicated than that of other essential elements because it is available 
both as a cation (ammonium) and as an anion (nitrate). The first volume 
of the Journal of Iht Iloyal AgrieuUural Society oj England shows the 
interest of ])rogrc.s>ivc fanners and landowners in artificial nitrogenous 
fertilizers. Several papers (Barclay, IS40; Dacre, 1840; Everitt, 1840; 
Kimberley, 1840; Zctl.and, 1840) rcportc<i increased yields, usually 
excveding in value the cost of the fertilizer and its application, from 
nitralt*a in field trials with wheat, oats, turnips, and pastures. 'Go-s- 
watcT*. the aiuhing produced in purifying coal gas. also gave good 
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Miintz (1889), using soil extracted to remove nitrates and then 
sterilized, showed that beans (Ficia, Phaseolus), maize, barley, and 
hemp (Connafets) assimilated the nitrogen of ammonium salts. No 
nitrate was found at the end of the experiment in the experimental pots 
or in controls containing solutions of ammonium salts but no plants. 
This almost completely excludes the possibility, inherent in earlier 
work on assimilation of ammonium, that bacteria converted it to 
nitrate assimilated as fast as it was formed. Good agreement was foxmd 
between the total nitrogen in mature plants (less the amount in the 
seeds), and that taken up as ammonia. Treboux (1904) reported similar 
results nith mosses, diatoms, green algae, and Lcinna minor. Griffitlis 
(1891) and Pitsch (189G) showed that beans absorbed ammonium salts 
directly in sterile water culture. Haze (1898a) found ammonium and 
nitrate equally satisfactory for maize in water culture. Hutchinson & 
Jlillcr (1909) reviewed much early work on the utilization of ammonium, 
and demonstrated its direct assimilation in sterile water and sand 
cultures. Peas grew well with either nitrates or ammonium salts, but 
wheat did better vith nitrates. 

Store recent work has shown that absorption and assimilation of 
nitrate and ammonium are sensitive to many environmental factors. 
Interpretation and comparison of results are thus difficult even in 
well-controlled experiments. Sterile cultures avoid bacterial activity, 
but the experimental plants arc grown in highly abnormal conditions. 
In water and sand cultures the volume of nutrient solution is usually 
small enough for the action of plant roots to change the composition 
of the medium quite quickly. Concentrations of different ions and their 
relative abundance at the root surface are thus unstable unless the 
nutrient solution is replaced continuously or at least changed fre- 
quently. Finally, groivth of the experimental plants may be limited by 
some factor other than that understudy. In sterile cultures for instance, 
illumination rather than the nutrients supplied may limit growth. 
Even in experiments with unicellular algae, where conditions are more 
readily c>onlrollcd than for higher plants, elTccts of pH, illumination, 
and aeration may obscure comparisons of different sources of nitrogen 
(S^Tett, 1D54). As a result of these complicating factors, most conclus- 
ions on the availability of different sources of nitrogen, and on their 
interaction with environmental factors, must be regarded as tentative. 
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Vauquelin {lS09a, 6) found much nitrate in leaves of Nicotiana 
labacum and Alropa heJladonna, and Braconnofc (1827&) in those of 
sugar-beet. Berthelot (1884) detected it in a u-ide variety of plants, 
including a moss {Hyptium /njac/rum), a horsetail {Equisetum teJrmteia), 
and a fem {Pleridium aquilinum). Molisch (1887) also found nitrate 
in many species, noting that it was commoner in herbs than in woody 
plants. The nitrate content of plants varies greatly; very high values 
arc recorded for some species when g^o^ving in conditions of ample 
supply and slow utilization. Boutin (1873, 1874) found up to 22.8 per 
cent (calculated as potassium nitrate) of the dry weight in Amaranlus 
airopiirpureus, A. Wiium, and A. ruber. A. retrojlexus also accumulates 
nitrate (W^oo, 1910); the percentage of total nitrogen occurring as 
nitrate varies from 1*2 in leaves and 1*8 in seeds to 32*8 in roots, 61‘8 
in stems, and 06*4 in branches. Berthelot (1884) found the stem to 
contain most of tho nitrate in the plant in Amarantus, Arena saliva, 
BoraQo ojficinalis, and TriUctim sativum (Table 2). This occurs also in 
buckwheat (Fajopyrum escvlen(utn) and Bryt^hyllum calycinutn 
(Puchcr, Wakeman, & Vickery, 1939; Pucher, Leavenworth, Ginter, & 
Vickerj’, 1947a, i) and in pineapple (AnaTuis comosus) (Nightingale, 
1942a). 


Table 2 

Percentage of total nitrate of plant found in various organs. 


(Calculated 

from data of Berthelot, 1884.) 


Sjxcia 

Skm 

Itoot 

leaves 

Amarantus ep. 

79 

10 

5 

Avtna na'ra 

76 

22 

2 

Dorajo oJJleinalU 

70 

8 

16 

Tntjcum rarinim 

76 

10 

14 


Nilralc nccumulation h reported in sunflower {lUUanthm annum) 
(Ncdoltuclmycr, 1003), celery (Jpium prorrrfcnr) (Plntenins, 1031), 
tje ptn.« il^mm perenne) (aiibnnll & Jlillcr, 1031), oafs (Scs.don 3 k 
W.lve, 1033; Bradley, Eppson. & Bcatli, 1040; •niiitehcad, Olson, & 
Moron 1044), wlieat (McCalla. 1033), tobacco (Eisenmenger, 1033), 
and (\Villiam. t Hines. 1039). Fodder ricli in nllmlc may 

^|<on live.tock; Die tone agent is nitrite (P.imington & Quin, 1033; 
Mill, am, 4 Hmc. 1030) produced by an enryme of plant origin. 
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(1953) found them much less favourable for this species than nitrate 
or some amino-acids. 

(6) EFFECTS OF pH AND OP NON-NITROOENOHS NXTTBIENTS 

llany u-orkers found that the pH of the medium affected absorption 
of both nitrate and ammonium. Plants grown with either nitnite or 
ammonium change the pH of the medium, solntions with nitrate 
becoming more alkaline and those with ammonium more acid. The 
excessive acidity produced by plants supplied with ammonium salts of 
strong acids was recognized and explained by Rautenberg & Kuhn 
(1804). A steady pH during the course of an experiment is best obtained 
by n continuous flow of culture solution, as used by Shive & Stahl 
(1027) aud various later workers (e.g. Street & Roberts, 1952). 

The effects of pH on the uptake of nitrate and ammonium have 
been attributed to changes in the ionic or molecular species present in 
the medium. This explanation is unlikely to be correct. Nitrate is present 
as the ion over a wider range of pH than is tolerated by most plant 
roots. Tree nitric add occurs in signiCcant amounts only at pH levels 
below 3-0. Ammonium liydroxide molecules, present in neutral and 
alkaline solutions, have been considered to bo the preferentially ab- 
sorbed form of ammonium. This suggestion, however, fails to explain 
the high rates of absorption of ammonium observed at pH levels well 
below neutrality where littlo ammonium can exist as the hj’droxide 
molecule. Tomato plants, for instance, absorb appreciable amounts of 
ammonium at pH 4-0 (Clark & Sluve, 1934; Arrington & Shive, 
1930). 

Jlany workers have concluded that plants uso ammonium best at a 
neutral or alkaline reaction and nitrates in acid media. Results suppor- 
ting this view are reported for sugar-beet (Prianisbnikov, 1929; 
Dikussar, 1930, 1034), tomato (Tiedjens & Robbins, 1931), and apple 
trw (Tiedieus k Blake, 1032). Weissman (1951) found that wheat 
scwllings in the dark gave maximum protein synthesis wth equal 
amounts of nitrogen n.s nitrate and os ammonium at pH C-3 and pH 
G'3; at pH 4-3 the optimum ratio wnsoue part of nitrogen as ammonium 
to nine parts as nitrate. Others, however, consider that both nitrate 
and ammonium can be cffecUvelj* assimilated over a wide range of pH 
(BurstrOm, 1010; Amon, Fratrke. & Johnson, 1042; Amon & Johnson, 
lot-, Nightingale, 1948). Tliia difference of opinion is due, in part at 
Ica-it, to cfTocls of the total ionic composition of the medium on the 
a«inu!ation of nitrate and ammonium at different levels of pH. 
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THE SOURCES OF NITROGEN FOR PLANTS 
nutrition are thus variable, and may depend on the species 

studied. , 

Among the micronutrient elements whose requirements are affectea 
by the form of nitrogen supplied, molybdenum has been inteiMively 
studied; it is associated with enaymatic reduction of nitrate in the 
mould Kcurospora crassa and in higher plants (Evans & Ifason, 1052, 
1053). Tomato and barley (Mulder, 1918), cauliflower (Agarwala, 1952), 
Aspcrgnhts ruga (Steinberg, 1937, 1939), and A-nalama cpKndrfco 
(Wolfe, 1954) aU require more molybdenum with nitrate than with 
ammonium as tlie source of nitrogen. The importance of manganese in 
plant nutrition was pointed out earlier {Aso, 1903; Xagaoka, 1904, 
Loew a, Honda, 1904); its association with reduction of nitrate to 
nitrite and ammonia by plants was stressed by Pony-Henaulfc (1911» 
1912) and by ilcHargue (1919). A beneBcial effect of manganese on 
nitrate utilization also appears in Ibe results of Plate (1914). Manganese 
is now known to be essential for assimilation of nitrate in isolated wheat 
roots (BurstrOm, 1939a, h) and in Chhrilla (Noack & Pirson, 1939; 
AlbertS'Dictert, 1941). Nitrates accumulate in manganese deficiency in 
oats (Leeper, 1941; IVhitehoad & Olson, 1941) and in Phahris minor 
(I/Ksper, 1941), guggc?sting that manganese is required at an early stage 
in utilization of nitrate. In cauliflower, however, manganese deficiency 
leads (Hewitt, Jones, &. 'UlUiams, 1949) to an accumulation of amino- 
acids, manganese appearing to act at a later stage of the reaction 
Ecquenco leading from mtrale to protein. 

Jones, Shepardson, & Peters (1949) found that manganese prevented 
an accumulation of nitrite in soybeans grown with nitrate in conditions 
of inadequate aeration; this recalls the formation of toxic materials 
from nitrate in pea seedlings grown anaerobically (Godlewski &■ 
Polzcniusz, 1901), and suggests an effect of manganese on the reduction 
of nitrite. Tl^c green alga UIro lactuca responds to manganese with 
nitrate but not with ammonium (Kylin, A., 1943; Kylin, H., 1943). 
Manganese stimulates a purified enzyme sj-stem from soybean leaves 
which reduces nitrite to ammonia (Nason, Abraham, & Averbach, 
1031). Manganese thus seems essential in the utilization of nitrate; 
whether it act.s at one or more stages remains uncertain. Deficiencies 
of other elements, o.g. sulphur (Eaton, 1942; Anderson & Spencer, 
1930), also lead to an accumulation of nitrate. This probably indicates 
a general depression of protein synthesis, owing to a deficiency of 
e^^4'rvtial sulphur-containing amino-acids, rather than a direct partici- 
jniion of sulphur or its simple compounds in nitrate reduction. 
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nitrate is assimilated more readily than ammonium by cotton seedlings 
grown at low tensions {10 to 16 per cent) of oxygen (Leonard &Pinckard, 
1946). In Bacterium laeiis aerogenes (Lewis & Hinshelwood, 1948) and 
in excised wheat roots (Xance, 1948, 1950) high concentrations of 
oxygen interfere with nitrate asamilation; they also inhibit reduction 
of nitrates by juice from potato tubere (Abelous & Aloy, 1903). The 
degree of aeration of culture solutions is therefore important in com- 
paring nitrate and ammonium as nitrogen sources. 


(cl) STAGE OF DEVELOFMEKT OF THE PLANT 


An intense absorption of nitrogen is typical of young plants 
(Campbell, 1924; Richardson, Trumblc, k Shapter, 1932). Prince, 
Jones, & Shive (1922) showed that seedlings of several species absorbed 
more ammonium than nitrate from solutions containing both ions. 
I*ator in their development this trend was reversed, nitrate being 
preferentially absorbed. Similar results have been reported by many 
subsequent workers (e.g. Xaftcl, 1931; Sessions & Shive, 1933; Stahl & 
Shive, 1033a, 6; Clark & Shive, 1934; Chandler, 1052). 

Age cIFccts on the uptake of dtSerent forms of inorganic nitrogen 
have long been studied in rice. Kellner k Sawano (1884) found young 
rice plants grew bettor with aramomum than with nitrate, but in later 
stages of development the position was reversed. Tins has been con- 
finnc<l by more recent workers (e.g. Dastur k ilalkani, 1033). Many 
workers have reported better results with ammonium than with 


nitrate for rice, but in later stages of growth nitrate seems at least 
equally erfectivc. A similar preference for ammonia in the early stages 
of growth has been notc<l for oats (Stahl k Shive, 1933a b) and for 
maize (Lehmann, 1876). Malavolta (1954), in a brief report, summarized 
culture studies at pK C which showed marked effects of aeration and of 
molybdenum supply. The best growth was obtained with nitrate plus 
molybdenum m the absence of aeration. Aeration considerably reduced 
the rate of growth; it.s interaction.s with molybdenum supplv and typo of 
nitrogen comr^und acre complex. A metabolic different was noted 
between seedlings 4 weeks and 8 aeeks old; the former accumulated 
ranch nmmonia ivithout nn inen-nse in nmidcs; the latter had a com- 
parat.vc y high araraonia content but amides mere also present. 
Mavoha lOc) described these results in more detaU in a thesis, 
r^^ng ahso .nterest.ng efTects of cyanide on the uptake of nitrate. 

e, out not of ammomum or potassium, 
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require organic sources of nitrogen. A grovrt h response to nitrite remains 
unexplained; tests rvith oximino acids did not suggest that it was used 
hy an altcrnatixe pathway bypassing ammonia. AnagalUs embryos 
used ammonia but not nitrile. Gennmating oat embryos use nitrate 
cfFectively (Harris, 195G). 

(e) CAIlliOn\'I>P,ATE STATUS OF TttE FLAXT 

The level of available carbohydrate affects assimilation of inorganic 
nitrogen. The nitrogen utilized appears mainly as amino-acids, -n-bose 
carbon chains are derived from photosjmthetic products, Tvliich also 
provide energy for nitrate reduction. Ammonia requires no reduction, 
but unlike nitrate is toxic and must be combined with non-nitrogenous 
compounds to synthesize useful or at least harmless materials taking 
part directly in protein, synthesis or storing nitrogen for later use. In 
plants adequately supplied with carbohydrate free ammonia occurs 
only in traces. The synthesis of amides is considered in detail in 
Chapter JO; hero it may be noted that they are often formed in response 
to an intake of ammonium. High supplies of ammomum, especially at 
low light intensities, tend to exhaust carbohydrate reserves. The toxic 
level of ammonium decreases with light intensity (ilevins & Engel, 
1029; Beaumont, Eisenmenger, & Moore, 1933). The main effect of 
high nitrate supply, apart from nitrate accumulation, is an increased 
formation of organic acids (Clark, I93G; Wadleigh & Shive, 1039; 
Vladimirov, 1945; Pucher etal., 10476). Assimilation of nitrate increases 
uptake of gluco«K; by ChloreUa pyrenoidosa in the dark. (Thang & 
Lubocliinsky, 19j7; Thang, 1059). Some of the extra glucose forms 
carbon dioxide, but it is mostly used to form the carbon chains of 
proteins and nucleic acids for which the nitrate suppKes nitrogen. 
No nitrite or ammonia accumulates, and little free amino-acid. 
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Potato (Sdamm luUrosum) tubers and eggplant (S. fruits 

contain a simUnr enijiue (Abelons & Aloy, 1003; Kastle & Elvove, 
mi). Poiri-Escot (WQSl obtained from the stems of burdock (prob- 
ably Arefium lappa) an extract reducing nitrate to nitrite and ammonia. 
Irving & Hankinson (1008) sboired nitrate to bo reduced to nitrate in 
tissues olElodea, Iris, PolamogOon, Yallisneria, riciajala, and several 
grasses. Bach (1S90) suggested the Mowing stages in reduction of 
nitrate: 

IBiO, HNO, ^ HNO -1% =I{H KH,OH 
This scheme rvas based on chemical considerations, rrithout direct 
evidence for biological oceiOTence of any stage after tbe first. 

In higher plants nitrate reduction leads in general to assimilation of 
nitrogen; an exception occurs in cotyledons of Vigna sesguipedalis, 
where nitrate acts as a hydrogen acceptor in anaerobic conditions, 
though in other parts of the plant only normal assimilation of nitrate is 
found (Kumada, 1953; Bgami, Ohmachi, lida, & Taniguebi, 1957), 
Kitrato is an important hydrogen acceptor in many anaerobic bacteria 
(Quastel, Stephenson, & Wlictham, 1925; Stickland, 1031; Woods, 
1938; Aubcl, 103S; Korsakova, 1941; Lascolles & Still, 1940; Lemoigne, 
Do Somcr, & Croson, 1951; McKall 4: Atkinson, 105G) and for some 
unicellular green olgae (Kessler, 1957a, 6). In such cases the nitrogen of 
nitrate is often i\ot assimilated, being given off as nitrogen, nitrous 
oxide, nitrite, or ammonia. Several species that reduce nitrate, e.g. 
AcAronjohoctmumarclicum (Ttusakova & Butkevich, 1041), TkiobacUlus 
dcnUrificnm (BaaLsrud 4: BoaUrud, 1952), Micrococcus halodenitrijicans 
(Bobinson !c Gibbons, 1952),and J/.dcni/ri/ica?w(Kluyver45 Verhoeven, 
1951), «*io it poorlj' or not at oil for sjmthesis of organic compounds. 

Boduction of one molecule of nitrate to ammonia requires eight 
hydrogen atoms, or eight electrons, according to the equation: 

HNO, + 8H = NH, + 3H,0 

This Mgjrsts u fonr.stage process, ns in biological oxido-reductions 
electrons ate usually added or remored in pairs. The most plausible 
sequence ia: 


•>KH„ 


UNO, -. IINO, (HNO), NHjOH - 

a erbeme didinctly rc.scmWing that put fonvard by Bach (1890) on 
purely cberaical prounils. Tlicre is now f.rm cvidenco'lhat the drst and 
Ivt itciu are catalj-rod by distinct enzymes, whoso requirements for 
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flavin thus precedes molybdenum in the reaction, sequence. Nitrate 
reduction in iVeiiro?pom requires inoi^nic phosphate, replaceable by 
arsenate, selenate, tellurate, or tungstate hut not by silicate or adeno- 
sine triphosphate {Nicholas & Sca\rin, 1956; Kinsky & McElroy, 195S). 
Jlolybdenum may occur in the enzyme system as phosphomolybdate. 
A nitrate reductase requiring ferrous iron and ascorbic acid as essential 
co-factors IS reported in tomato roots Cl^aidyanatban & Street. 1959). 

.-CTcral worbers (Sato & Uirra, 1952; Baalsmd & Baalsrud, 1954; 
Kamen & % cm„n, 1055; Lenhof, Nieholas, & Kaplan, 1956; Kinsky & 

iritli reduction of nitrate and 
ntotc. Kmsfcy & McElroy (1058) found trro distinct TPK-cytoobrome 

iu^au cuV' “ «">=titutive enzyme occurring noth any 

(c) SITEITE BznnCTASE 

preparatio^of 1 f 

Abraham, A t^rtacriOorXLrV?^" 

Tabahashi, t Kason, 1957). Like the nn'r '’'’ a" (Spencor, 
metalloflavoproteins iritK Pvn lu nitrate reductases they are 
invoked i/nuLdain -^c 

but copper or iron non* scemq mn ri*T^ suggested manganese, 
Kicholas, 1957a). Denilrirrini; barf ' (A'inholas, 1957o; Medina & 
and nitric oxide reductases- they areV*'' Clmpter 6) contain nitrite 
DPXn or TPXH acli;atrf bl '“imes requiring 

1953; a.ung & Xajjar. 195Ca. ^ (A’ajjar & Alien, 

apara nmtant mq™fr{n'8''p^^x"^f ^ nitra-violet radiation a A^earo- 
i> n v-ou-bnoam vo.nry-m’JTn 

pteciM ronnc.xion rrith nitrite reduction amino-acids, but its 

I\V ■ *-° '^*''”’'n K are reported os co ^“Pbthoqninoncs 

‘ iraTti^^r 

J^nced by a ‘--electron suggests, nitrite is 

''-'T«»'"ival nii±-r^Vrf”“,S'>=''“>‘no«<intion 

HN^-io Zo‘“"7 

chcn,!.i„ ndramide. Xo vri =•'■"=• mmonilric acid, 

vbvml.try „ nor „ clear a, could be wS. ‘’'“"S'- ‘beir 
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artificial hydrogen carrier (LaaecUea & StiU, 1940). Anaerobic redurtion 
of nitrate, nitrite, and hydrorrylamine occurs in green algae (Anfctslro- 
dcmttts Iramii, Scenedesmtia Mmixs) that possess hydiogenase 
(Kessler, 1957a, ?»; Damasclike feXiubke, 1958), 

B. The utilization of intermediates in nitrate reduction 


(a) NITRITU 

Goppelsroeder (18G1) found that sugar beet assimilated nitrite 
from (liluto solutions; liighcr concentrations damaged the roots. 
Bimcr & Lucanus (18GG), using oats in water culture, concluded that 
nitrite nitrogen was not available. Wolisch (1887) in careful and de- 
tailed studies confirmed that nitrite is used in very low concentrations 
but at higher concentrations is toxic to roots, and noted its rapid 
reduction in roots, leafy twigs, and detached leaves of Primula chinensis, 
Piper macrophjllum, and Pelargonium zonale. Prompt disappearance 
oflJ^^-labclled nitrite was obscri'ed in wheal leaves (Vanecko & Treat, 
1055; YauecUo & Varner, 1955); 62*5 per cent of the nitrite nitrogen 
absQthed was recovered at the amino level of reduction. 

Other workers recorded a loss of nitrogen, probably in gaseous 
form, from the roots of plants supplied with nitrite (Mazd, 19116; 
licvius Sc Bikussar, 1930; Mothes, 1938). This loss was attributed to 
the reaction: 


HNO, -1- II.KH5 -^R.OH 4- H^O + 

The process would lemovo toxic nitrite. Pearsall & BilUmoria (1D37, 
1039) rcconled largo losses of nitrogen from leaves of Narciaaus paeudo- 
narciasus floated on sterile nutrient solutions containing nitrate or 
ammonium. Tliis observation was not confirmed by Mothes (1938), 
using leaves of Agapanlliua, I/ippeaslrum, and Phaseolua muliijlorus, or 
by Allison A: Sterling (1948), who repeated the experiments of Pearsall & 
liiUimoria (1037, 1939) with leaves of Behmcanda, Iris, and Itarcissus. 
Allison, Ix)vc, Pinck, & Gaddy (1048) found no loss of nitrogen from 
CMorrlh and Lemna Bupplicd uith nitrogen as ammonia, nitrate, 
nlanine. asp.iragine. or urea. The reaction of nitrous acid rrith amino 
groups to liberate nitrogen requires high acidity and may not be 
Important in physiological conditions. Konenzymiatic reduction of 
reduced DDK was studied by Evans & 
JI^lulifTe 0950). About 80 per cent of the nitrite nitrogen appeared os 
mine oxide; nitrous oxide and free nitrogen were also formed. The 
reartion was slow at pll C; its rate rose rapidly with increasing acidity. 

Hants vary m sensUWUy to nitrite, legumes being i 


; more readily 
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cMVmc,, c.g. catate (KeiUn & Hftrtree, 1937) and alcohol dehydro- 
scnaso (Kaplan & Ciotti. 19S4). containing a free carbonyl group for 
which hydroicylamine has a great affinity. Oximes denred from 
hydroxylaminc occur in small amounts iu lilac (St/ringa), Amptlovsis 
Icdtracca, Poa jiralcnsls, Rumex acdosa, Samhucus nigra, and Solamtnv 
ntgrum (Lemoigne, Jlonguillon, & Desveaux, 1935, 1937a, 6); they are 
formed also by Azolohacler (Viitanen & Jarvinen, 1951). MiMn (1938) 
recorded hyclroxj-lamine as a reduction product of nitrite in green 
plants. The metabolic relations of hydroxylamine are considered in 
Cliaptcr 3; hero it need only be noted that in .Asofobflcter (Virtanen & 
Jarvinen, 1051) and in animal tissues (Yamafuji, Osajima, & Omura, 
1900) it appears to arise by both reductive and oxidative processes. 

Tlants contain several heto-acids, particularly glyoxylic acid, 
pjTuvic acid, oxalacctic acid, and a-kctoglutaric acid, which could 
combine with hydroxylamine to form oximes giving amino-acids on 
reduction: 

U.GO.COOK -V KHiOH R.CNOH.COOH -^B.Cffi^Hj.COOH 
Kcto-acid Oxime Amino-acid 

Glyoxylic acid U an early product of photosynthesis; its oxime on 
reduction would give glycine. Yeast reduces the oxime of p 3 rruvio acid 
to alanine (itaurcr, 1927). The oxime of oxalacetio acid is in some condi- 
tions excreted by pea plants (Virtanen & Laine, 1939); it appears also 
to be an intermediate in the formation of aspartic acid from hydroxyl- 
amine and oxalacctic acid by Clostridium eaccbarobttfi/ricum (Cohen & 
Cohen-Barire, 1918). Formation of glutamic acid in this miy is less 
likely, iw hydroxylamine reacts less readily with a-ketoglutaric acid 
than with oxalacetio acid. Tiic yeast Tortilopsia utiiis forms the oxime 
of a-ketoglutaric acid when supplied -vrith nitrite, but in smaller 
amounta than the oximes of glyoxylic, pyruvic, and oxalacetio acids 
(I irtanen & Saris, 1055). Tlic reduction of oximes requires enzymes 
diiTemnt from those reducing hydroxylamine. The oxime of pyruvic 
nad js not reduced by hydroxylamine reductase; it inhibits reduction of 
Iiydroxxi^me. apparently forming on unreactivc compound with the 
rrnniguflu, Mitsui, Sakumum, & Egami, 1055). Krctovich. 
Rundtl rraslicn, A Borovikova (1358), using homogouatos of seedling 
, r"'* ‘■““"'I “txideraWo synthesis of serine 

twd IT "'a r' Excised tomato roots seemed 

.wT.t t ■ '■ydroxylamine; only about a 

third of that u^cd appeared 08 ammonia. 
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to form n bydroxamic ncul . . rcnction, 

catalysed by plant enzymoa ^ 

requiring magnesium ions ana 

analogous to glutamine synthesis 

K.COOHd-XH.OHd-ATr.— ' 

i„droxnm.endd 

"‘lt.COOH + Nils + ATP -enCONIl. + ADV + I'O.— 

* , . Gliilamine 

Glutamic 

. 1 „ ,.,>0 l*y 

Hydroxamio acids aro fonned isso), Ihetcrial nizym« 

amino residue f”"” and glutamine iClf-™";" ' 


amino residue for an amide gro.| t^^ j, 5 ,„„miiie (Onve-onirt . 
catalyse the reaction uitli a p. . I „i„tamiiir onuir in li .- 

ID50). Enzyme, catalysing A Miebel-nn. IP'd) 

plants (Slumpf «- Loomis, lOaO. btump 

and in rat liter (Slavik, lOal), 

„.C0ai, + SlT,O,. 

aiiit.linilie liydrojamie arid 
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enzymes, c.g. catalase (Keilin & Hartree, 1937) and alcohol dehydro- 
genase (Kaplan & Ciotti, 1954), containing a free carbonyl group, for 
which hydroxylamine has a groat affinity. Oximes derived from 
hydroxj-laminc occur in small amounts in lilac {Sijringa), Ampehpsis 
hcderacca, Poa prateTisis, Rumez acdosa, Sambuciis nigra, and Solanum 
nigrum (Lemoigne, Monguillon, & Desveaux, 1935, 1937a, 6); they are 
formed also by Azotobader C\^irtanen & Jarvinen, 1951). ' MiTrhlin (1938) 
recorded hydroxjdamine as a reduction product of nitrite in green 
plants. The metabolic relations of hydroxylamine are considered in 
aiapter 3; hero it need only be noted that in Azotobader CSTrtanen & 
Jarrinen. 1951) and in animal tissues (Yamafuji, Osajima, & Omura, 
19G0) it appears to arise by both reductive and oxidative processes. 

Plants contain several keto-acida, particularly glyoxylic acid, 
pyru'ric acid, oxalacctic acid, and a-kctoglutaric acid, which could 
combine with hydro.^ylaminc to form oximes giving amino-acids on 
reduction: 


R.CO.COOH -b NHiOH R.CNOH.COOH R.CHNH-.COOH 
Orime Amino-acid 

P>'“‘°55mthesis; its oxime on 
of Pynivio acid 

to “o an f-oine, ,03D); it appears also 

to bo an mlcrmed,ate m the formation of aspartic aoid from hydroxyl- 
amine and oxalacctie npifl >iTT -j- , u^uroxji 

Cohen-Bazire ^ ^y ^ostndium BouharohuUjnoum (Cohen & 

lively. ™y is less 

than with oxalaectie add. ^ryeSt ToS “oid 

of a-kotoglntaric add wherr,- a i f oxime 

amouals than the oximes of Elvo^lio 

(Virtanen & Saris IO551 TTi^^ ^ oxalacetic acids 

dilfcn-nt from those tydadng hydroxvla requires enzymes 

arid ii not reduced by hvdroxdnm- in ™'"°’ oxime of pymyio 
hj-droiylamine. appimn ly fo™ " ‘t inhibits redaction of 

onzyme (Tanlg^chrSi ">“i>°nnd trith the 

Bundei,rras,.fri, K-‘oyich, 

frem wheat and pamnkin 'roJl , ' “‘".n ''“ntogenates of seedling 
and gl„,.amic add from of serine 

(y.id,an.ath.,n Ic Street 'l959)’to nocraed 

thud of that „.od apiwared a, ammo^a ’’ “ 



UTILIZATION OF INTERMEDIATES 

Enzymo systems from bacteria (Elliott J; Gale ' “ ‘ ° 
WainfarBorek, & Waelsch. lOoO; 0- e. Bonk, 

■ivicz & Schou, 1050) and higlicr ]ilnnls (l.Hiolt, !.■ . • 

1933a, b, c) catalyse the rcMtion I,/ i- 

to form a hydroxamic acid. A wmilar rent The rvnetion, 

catalysed by plant enzymes (Webster & 'Z""' ! , . i, 

requiring magnesium ions and adcncme .r.,he.,,hate (A 
analogous to glutamine synthesis. 

K.COOHri-^^=OHri-ATr--.« ■ 

i, 5 droaamicacid 

"\.COOH + + ATP -> B-CONir. d ADP + POr - ' 

^ Glutamine 

Glutamic 

1,.. Kul)>tltijtiou of a b>drox)b 
Hydroaamie acids arc ,s<;9).Bar!orialrnr.inu < 

amine residue for an amide gro p ( .lulaimiie (GrtK-O" icr <1 “1 • 

catalyse the reaction "ith . j,li pii.lamine ornir in hijbrr 

1030 .Enzymes catalyring. he 

plants (Stiimpf & Eoouus, lOoO. yunipi. 
and In rat liver (Slavik, lOol)- 

Glulanuiie l„,lrornmic and 

ThesecnzymesoBocatab-seevclianfeorihe^^ ^ 

„,shoivuintr.acerev,.rnncnH,.hln.c.^.__^_^^^^^^^ 


«xi>eHmcntH 

K.COXlIi + 
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.ro metabolized by boctcria. presomaWy ate reducUoit. Finally a 
fee nitro compounds occur naturally in micro-organisms and higher 

Animal and plant enzymes reduce uitrobenzene to anffine. Gnmch 
(1911,1045) fOBnti that -n-beat -plants sMarly reduced o-dinitrobenzene 
to o-nitropbcnylhydraxj'lainine and o-nittoanilme: 

/NO- /NHOH 


The Tcduciion, Tvhich occurred in the absence of carbon, dioxide, rras 
aUributed to reducing substances formed by photolysis of -vrater in 
green tissues. It is not clear urhy only one of the two nitro groups of 
nilTohcnrcnc was reduced. Sea &. SUc (1951) demonstrated enzymatic 
reduction of the antibiotic chloramphenicol (chloromycetm, a nitro 
compound) to an amino by ccU-frce extracts of Esckerichia coU. The 
enzyme was a pyridine nucleotide tlavoprotein activated by manganese 
ions (Saz, ‘BrovrncU, & She, 195C; Saz &, Martinez, 1056). Jensen & 
Gunderson (1955) isolated from soil a form of Corynebacieritm simplex 
which ijroko dorni nitro compounds, including p-nitrophenol, 2,4- 
dinitrophcnol, 4,G*<linitro-o-crcsol, and picric acid (2,4,G-trinitrophenol). 
Over half the nitrogen of the dioitro compounds appeared as nitrite. 
Erikson (1911) isolated from the mud of lakes an actinomycete (iUftcro- 
jnono5porfl sp.) that metabolized picric acid and trinitroresorcinol. 
Species of oMrdia use o*, m~, and p-nitrobenzoio acids as sole sources 
of carbon, nitrogen, and energy (Cartwright & Cain, 1959). The ortho 
and para compounds give rise to ammonia, the mela compound to 
nitrite. lattlo (1957) isolated from pea plants an enzyme system 
brealiing down S^nitropropanc to nitrite and acetone. Rat tissues appear 
to contain several molybdenum-dependent enzymes, all reducing the 
nilro group of p-n'itrdbcnzcneaulphonamide but showing some specifi- 
city towanls other substrates (Wcstcrneld, Richert, & Higgins, 1957). 
Tlvc metabolic significance of such redactions is not yet clear; the nitro 
compounds studied may merely be non-specific electron acceptors for 
flavoprotcin cnzjTne systems. 


C. Tlic cficcts of light on nitrate assimilation 
(a) OKXcnAL 


K r r^-Mity ct A direct rctaion bctaccn 

pl,o<c».™th«u (or K,mo other Ught-requiring procecs) and rntrtdo 
rrrlorl.on bar egoged the .ttention of plant physiologists. Tiro effects 



EFFECTS OF LIGHT ON ASSIMILATION 

of light on the assimilation of nitrate arc not yet coraiiictr ly ar<ior.!oo i. 
hut both green and other organs aro knoam to redueo nitrate. H em he 
reduced in most plant parts, hut tho detailed picture vanes coi-ndcraWy 

from one species to another. ,r t 

Bineuu (1850), finding that fresh-aatcr gr«u .altne (^i i/cn i 

tuiljuris, Ifymcaixl.ctyon pcatujoaulc) took up much more mtnt^ 

light than in the dark, suggested th.at photo,.v-nlhctic p • • 

iivrolved in the assimilation of nitrate. Tlie moukis "O o 

Mucor m.ceio. M. ruccaorua, and gfiacam i cm K . 

shown to use nitrate (Sohloesing & Muntz IS, S; — ^ j "J; 

18006). Loew (1890c) argued th.at l-roteu. sjuthe, s n 
moulds implied its independence of light in !''e i„,!,metlv 
in photosynthetio species light airceted 

through increased carbohydrate supp ,„„v dl Mloa 

Tho argument is of dubious value, a - , 

different courses in mould iCThae and Z 

in a metabolic system involving many ^ 

any useful distinction between -diroef and .mluect effects. 
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Ecems most uulikdT to show tho distribution of nitrate in Uving leaves. 
Tlic distribution recorded for samples analysed about two years after 
pickioe is, however, remarkably similar to that found m fresh material 
bv later workcia. Schloesing noted that nitrate is neither destroyed iior 
p'roduced during tho processing of tobacco leaf; apparently it is also 
static, migrating little during drying and fermentation. He analj^ed 
separately tho midrib and the rest of the leaf (lamina plus lateral veins) 
tor eighteen samples of widely different nitrate content. In each sample 
tho midrib was richor in nitrate than the rest of the leaf. The nitrate 
content (expressed ns per cent nitric acid on tho dry ■weight) ranged 
from 0-15 to C'l in the midribs, and from 0 02 to I'S in the rest of the 
leaf. Nitrate decreased in the midrib -with increasing distance from the 
petiole, and in the lamina with increasing distance from the midrib. 
Lateral veins had little more nitrate than the lamina. 

Schimpet (ISfiSl made extensive observations on the distribution 
of nitrate ^rithin the leaf, his results being hidden in a paper vphose 
title mentions only the formation of calcium oxalate. He used a colori- 
metric method to estimate nitrate in dilTerent tissues of the leaf in a 


wdo range of species. The midrib always had more nitrate than the 
lateral veins, which had in turn more than tho mesophyll of the leaf 
lamina. In nitrate-rich leaves (Sam6«cus nigtr, Chenopodium bonus- 
hcnricus, Ilijoscyamus utjer), epidermal cells and leaf hairs had very 
high nitrate contents. In several species [EcbalUum tlaUrium, Plantago 
mtdia, Taraxacum dtm-honis) individual tissues within the vascular 
bundles of tho midrib were examined separately, and nitrate was found 
In the bundle parenchyma rather than in tho vascular tissues. Zacharias 
(18S4), however, using microchcmical methods, found both nitrate and 
nitrite in the sieve-tubes of Cucurbifa pepo. 

Scliimper (1888) showed that nitrate was consumed in detached 


leaves of Sambucus niger, Chenopodium honus-henricus, Bnjonxa dioica, 
and /l&*ctilus Aippoensianum, but not in chlorotic leaves of Sambucus or 
.ftwcufiM, nor in nou-chtorophyllous parts of variegated leaves of 
Alttmanthrra aurtn, FueJutia globosa, and Pelargonium zonale. With 
preen tissues of PrZargonium sonale nitrate disappeared in tho light hut 
not m the dark. Finally Schimper noted that in several epecics, including 
Aar ntpuado and roraxnctrra dciw-fconia, nitrate accnmulatcd much 
more ,hadc leave, than in ann leaves. .Ml this evidence is consistent 
wi h the V.CW that nitrate coming from tho soil is transported into tho 

r ■ ''‘’""’Phyll-containing cells where it is 

irrlurcd and it, nitrogen used m protein synthesis. Frank (ISSin), who 
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placed in the light in nutrient solutions containing nitrate, rapidly 
Lthesized protein, rrhieh eras deposited in the chloroplasts Even 
yellowed nitrogen-deficient leaTes formed protein from nitrate it their 
chloroplasts were not unduly damaged. Stock (1893) recorded similar 
results for detached leaves of Aehryanthes verschaffeUH (Amarantaceae). 

In liorago oficinajts, a nitrate-accumulating species, the seed 
contained 0-3 per cent of nitrate on a diy-weight basis, the young 
seedling 5 per cent, and the plant a month later 22-6 per cent (Berthe- 
lot & Andre, 1884a). Just before flowering the nitrate content reached 
29 per cent; it then fell steeply until in the fruiting stage only 0-3 per 
cent remained. Tliis suggests that nitrate was used for protein synthesis 
in the developing seeds; however, it also disappeared in plants prevented 
from flowering. ‘Moliseh (1681) found that detached shoots of Bothneria 
pohjstachya, Goldfimia isopkylla, Eupatorium adenophorum, Hedera 
htlix, Sdagindla inartejisii, and Tradescanlia sp. retained large amounts 
of nitrate for several months although many of them put out roots in 
the culture medium and grew considerably. Nitrate also accumulated 
in leaves of Palaver fiomni/er«m» Rumex sanguineus, and Senecio 
jacobaea groiving in natural conditions (Keegan, 1015, 1916a, 6). 

Nitrate accumulates in underground storage organs if supplies are 
high or utilization slow. Its presence in sugar-beet attracted early 
altcnlion by disturbing the fermentation of beet residues to alcohol 
(RcUet, 1808; Schloesing, 1808). Barral (1878) found high levels of 
nitrate (up to 13*0 per cent of the dry weight, calculated as sodium 
nitrate) in heavily manured sugar-beet, which gave heavy yields of 
roots containing little sugar. Keegan (lOlCa) recorded an accumulation 
of nitrate in winter in the rhizome of the aquatic plant 2Ienyanlhes 
trifoUala and in the roots of perennial grasses. 


(c) KITHATE KEDUCTlOJf IS ROOTS 

Ishizuka (1897) reported that nitrate disappeared during protein 
Rj-nlhc^is in roots of pcvcral species. Many later workers (e.g. Sani, 1929; 
IlurstrCm. 19396; Nance, 1948) confirmed the disappearance of endo- 
genous nitrate in root homogenates; added nitrate is also consumed. 
IWw.chc (19S2), u.'ing ,ho»«l that nitrate and nitrile are con- 
vcrtwl to ammonia by cell-free extracts of root.s. 

“ “PPIO (Thomas, 1927; Tiediens, 
and i^ch (DaTnL.on A Shive. 1934; Nightingale, 1935) nitrate 

and tram the acnal part,, but reaches the leaves if the soil supply is 
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expressed formally by the foUowing equations for carbohydrate oxida- 
tion coupled -n-ith reduction of ratrato and nitrite to ammonia: 

HXO3 + 2(CHaO) -f 2CO2 + H^O, 

2HKO2 + 3(CH.O) 2SH3 + 3CO2 + H3O 
In the actual reductions tbe hydrogen lahes part as reduced pyridine 
nucleotides generated in the respiratory oxidation of carbohydrate. 

A close connexion hclrreen respiration and nitrate reduction was 
demonstrated for CHorcIla by Warburg & Kegelein (1920), and has been 
found also by later ivorhers with urucellular green algae (e.g. Kessler, 
19530, L). A similar coupling of nitrate reduction to respiration occurs 
abo in bigber plants, e.g. barley (Folkes, "Willis, & Yemm, 1952) and 
V»3)ia sfsquijitdalis (Kumada, 1953; Egami tl al., 1957). Reduction and 
assimilation of nitrite by roots is in some species associated with 
increased respiration, as in radish (Said & El Shishiny, 1947) and in 
barley (Ycmm & WiUis, 1950). In other species, e.g. soybean and wheat 
(Gilbert & Shive, 1942, 1945; Kance, 1048), oxygen tends to inhibit the 
reduction of nitrate. The reasons for these differences are not entirely 
clear, !^?itfatc reduction in species such as wheat may be coupled to 
anaerobic fermentative processes, which would also produce the neces* 
Bar)* donors of hydrogen. In wheat, reduction of nitrate to nitrite seems 
to bo independent of respiration, but reduction of nitrite to ammonia is 
coupled to respiration (Nance, 1948). Kessler (1952, 1055) found the 
reduction of nitrite by Anhistrodesmus much more sensitive than that 
of nitrate to 2,4-dimtrophenol (T)NP), which uncouples respiratory* 
pbosphorylations from the energy'-requiring reactions dependent upon 
them. Tills suggests a requirement for energy-rich phosphorylated 
comi>ouniIs in the reduction of nitrite. 


T.. General con.iacratlons on the reduction of nitrate in relation 
to other metabolic processes 

Nitrate i. ttaWo in folulion at ordinarj- temperatures, though 
suhject to photochemical decomposition (Laurent, 1890(1. d\ Berthclot, 
ISOS; Thiele, 190-), It. ledoclion in riro must therefore bo coupled to 0 
.}-.tem providing reducing compounds. Tlio cnrvmes at present knotrn 
to participate in the various alages of the lidnelion of nitrate to 
ammoma ail requite reduced pyridine nucleotides, uhich could arise 
either m rrepiration or in pliotosynlhesis. Notliing in this situation 
im plies an obhgatory ^soeiation of any stage in the retinetion sequence 
U.th Plietosyntlireis. Tlie reduct.ve reactions are in monv plant orgares 
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(Walker, 1957; Jolchine, 1959). The phosphoenolpyruvic acid required 
for this dark assimilation is formed by carboxylation of a photos 3 rn- 
thetic product, probably ribulose phosphate. Carbon assimilated in the 
dark from labelled carbon dioxide appears mainly in malic acid, but 
also enters several amino-acids, particularly glutamic acid, aspartic 
acid, alanine, ^-alanine, and arginine. Aspartic acid, and hence its 
decarboxj'lation product ^-alanine, arise by amination of oxalacetic 
acid. Glutamic acid is formed via the tricarboxj’lic acid cycle, which is 
active in these leaves, and leads by decarboxylation to y-aminobutync 
acid. Alanine may arise by amination of pyruvic acid formed by oxi- 
dation of malic acid. The presence of labelled arginine suggests an 
active omithino cj’cle. 

In the light amino-acids are formed more rapidly than in the dark. 
The first to appear is alanine, followed by aspartic acid, serine, and 
glycine. Three of these derive from phosphoglyceric acid, which is 
directly aminated to alanine and by other reactions yields hydroxy- 
pjTuvic acid (aminated to serine) and oxalacetic acid (anunated to 
aspartic acid). Glycine arises from glycolic acid produced in the 
photosynthetic pentose cycle. Glutandc acid, formed via the tricarboxy- 
lic acid cycle, is much more heavily labelled in the Ught than in the dark. 
Leucine also appears in much larger amounts in the light. Amino-acids 
formed in the light hat not detected in the dark include methionine, 
threonine, tyrosine, and valine. 

I^itrate increases amino-acid synthesis, as found by Nichiporovich, 
Andreyeva, Voskresenskayo, Isczgovorova, & Novitzki (1957), and 
reduces fixation of carbon dioxide. Leaves rich in nitrate fix only 20 to 
30 per cent as much carbon dioxide os those with Uttle nitrate. Both in 
the light and the dark nitrate appears to compete with carbon dioxide 
for reducing substances. 
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fixatiox of free atmospheric nitrogen 


Tho literature contains perastent reports of nitrogen fixation by 
nou-nodulatcd flowering plants. The amounts involved, though often 
small, would be important in soUa low in combined nitrogen. Some such 
reports lack an adequate experimental basis, but others seem free from 
obvious errors of technique. Schanderl (1943) claimed appreciable 
fixation in the absence of root-nodules for many species. Stevenson 
(1058, 1959) reported small but significant increases of from gaseous 

nitrogen by shoots {Coprosma robusla, Rubiaceae; Pninus arnieniacci) 
and roots {Dactijlis glomerata, EpUobium eredum, Pinus radiala). 
Micro-organisms, c.g. bacteria in stipuJar glands or mycorrbizal fungi, 
may have petfomred the actual fixation. Further work in this field is 
desirable, particularly as pioneer plants often grow vigorously though 
lacldng obvious sources of combined nitrogen. 

Symbiotic associations wdth nitrogen-fixing micro-organisms occur 
in several unrelated groups of green plants. Nitrogen-fixing blue-green 
algae form symbioses with fungi (in lichens), liverworts, ferns, cycads, 
and flowering plants. Assowations between flowering plants and micro- 
organisms which form nitrogen-fixing nodules on their roots occur in 
many but not all species of tho groat family Loguminosae, and in a few 
species of other families scattered apj>aTently at random in tho taxono- 
mic system. Tho families Bctulaccao, Casuarinaceae, Coriariaceae, 
lilacagi^ftccac, Mj*rieacoao, and Rhamnaceac contain nodulated species; 
nodules reported in Zygophyllacoao (Isachenko, 1913; Sabet, 1940; 
Mostafft &. Mahmoud, 1951) and Rubiaceae (Steyaert, 1933) have 
received comparatively Utllo study. Published statements on root- 
uotUilcs of Zygophyllaccao arc contradictory. Isachenko (1913) found a 
myeorrhizal fungus with septate hj-phae in nodules of Tribulus 


terTfstriv, lie considered that nodulation aided tho plant in absorbing 
water from soils of low moisture content. Sabet (194G) reported nitrogen- 
fixing bacteria rc«cmb!mg those of the Loguminosae in nodules of T. 
nlatus and several other species of Zygophyllaccac. Allen & Allen (1949) 
found that ncKlulcs on the roots of T. cistoidw contained no endophyte 
and difTcrwl morphologically from those of nitrogen-fixing species. 

^.nc ,pcciM of Dio.corcacc.nc (Orr, 1923), Myopotaccae (Storenson, 
19o3 Mymnarcac (Michc. 1»I1, IDIC), Myrtaccao (Steemon, 1053), 
anil l(u\>mccao (Zimmermann. 1902; Boaa, 1911; van I’abcr lOl" 1914- 
llao 1023n; lircmclramp, 1033. 1938) have in their leaves noddies or 

iri-rc?' 

met), 0,1, Urcnclcam,. (1033) l„tcd forty-tno hactcriophilous species ol 
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made for combined nitrogen absorbed from rain or from the air. Soils 
heated to 100®C did not shorv this increase, suggesting a living agent as 
responsible for the fixation. 

The first organism definitely shorm to fix nitrogen was Clostridium 
paslorionnm, isolated and described by Winogradsky {1893, 1894, 1902). 
This anaerobe requires an external supply of carbohydrate. Beijerinck 
(1001) isolated and described two aerobes, Azolobacter agilis and A. 
chroococcum, which he concluded to be nitrogen-fixers because they 
grew in media to which no combined nitrogen was added. This evidence 
is ineoncbisivc, as media supposed to be free from nitrogen compounds 
may contain enough to pennit some growth by non-fixing species. 
However, nitrogen fixation in several species of Azolohacler has been 
amply demonstrated by later workers using more positive methods. 

The method of K,cldahl (1883) was used in most work on nitrogen 
fixation up to abou 1940. The numerous modi'fications of this method 
bear witness both to its importance and to difficulties in using it to 
cstimalo nitrogen in some biological materials. Various aspects of this 
method have received systematic study e c bv rhibufll w *■ 
William, (1043) and by McKenzie t Wallat^^oS^ The t 

method gives low values for nitrogen, compared tneee ' Ihjddahl 

with some biological matcriaU and nnre n*' • Sasometno methods, 

1020: Lemoigne Desveaux I MonCn (“ Frisco, 

Wilson, lOOoTXlquier l Simt S Wii * 

grew bacterial cultures with oTuanJ (1935) 

ncee.ss to gaseous nitrogen. Th7 final "dthout 

a, estimated by the Kieldah, iethU Z 
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inerea..c being attributed to an aeeumulnt"'' *'■'= apporent 

nitrogen was fuliy estimated by the KWdahr'' whose 

ongmally present in the system studie,! , r™”" compared with that 
sensitive to sampling errors. The possibUhv ™ “shly 

oxides of nitrogen reacliing the culture e ammonia or of 

sotiree of unrertainty. Some reports 07? was another 
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Tlie value of their evidence is enhanced by the fact that they " 

fixation by another blue-green alga, 2IierocoJeus vaginatus (OsciRa- 
toriaceacl’This is probably incapable of fixation, and thus se^es as a 
control for the observations on Koslocpuncli/ome. The first studies mth 
pure cultures (Pringsheim, I914fl. b) gave negative results but later 
work prewes, 102S; Allison & Monis, 1030; De, 1039; Bortek, 1940, 
Jensen, 1940; Fogg, 1951; IVatanabe, 1951; Williams &, Burris, 1952; 
Kratz &. Myers, 1955; iloyse, Couderc, & Gamier, 1957) showed 
conclusively, in some cases using that some hlue-greeu algae fix 
nitrogen vigorously. 'Nitrogen-fixing qjecies occur in the genera 
Anabaena, Amhatnopsis, Awlosira, Calothrix, CyUndrospermum, 
Jfoafiffodadiis, A’osfoc, Oscilkloria, and TohjpotJirix (Fogg & Wolfe, 

1954) . Some hluc-grccn algae are incapable of fixation, ilost species 
utilize varied nitrogen sources, including ammonia, nitrite, nitrate, 
amino-acids, and protein. Some use urea (Allen, 1952; Kratz & Myers, 

1955) . Most species use inorganic sources, but SpnecTiococciis cedroniw 
appears to require organic nitrogen (Allen, 1952). The red-pigmented 
species PAormidiitm ptrs\cxnnm does not fLx nitrogen; it uses nitrate 
and, somevrhat less effectively, ammonia. Orgaiuc nitrogen compounds 
arc utilixed very selectively. Asparagine is a source of nitrogen, but not 
aspartic acid, glutamic acid, histidine, or lysine. Organic carbon appears 
not to be used (Pintner (c Provasoli, 1958). 

S>*mbiotic a.ssociations are knoAvn between blue-green algae and 
other plants, including the liverworts Anthoc^ros (Leitgeb, 1878), 
Bhsia (Woldncr, 1879;MoUsch, 1925), and Cancidoria (ilolisch, 1925), 
the floating fem Aroha (Strasburger, 1875; Huneke. 1933, Bortels, 
1940), several cycads (Remko, 1879; Schneider, 1894; life, 1901) and 
the anpio«pcrm Giinncra (Ueinkc, l873;'MieUe, 1924). Pvoot -nodules of 
the clover TrifoUum oltrnndrinum are reported (Bhaskaran & Venka- 


taraman, 1D5S) to contain two nitrogen-fixing organisms, a HhizobiuTn 
nnd .Vwlcw yiincii/orme. Several blue-gteen nigac live as cndoplivtes 
villim the large marine ptven alga Codram (Vouk, Itl32- Frcmy 1032). 
.knother nretm legalarly in the rhiropod Pa„li«dla chromato- 

rhom (Uulerborn, 1805; rasrher. 1029). Tlie ihizopod, a unicellular 
a.umal, lives anlotrophirally in association trith its algal endonhvte. 

\i micr (1.13a) found that .to-toe pmcliforrK isolated from Cunnero 
anlT-'’ "y"""'""- <’»«« ■'.mnnlir, Eaceykalurtos ullcnalein.'; 

C.^r r,rr,aar„ and considered the 
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either partner. In most lichens the alga is green, but some contain 
blue-green algae. Henriksson (I9dl) reported fixation in culture by a 
^osfoc from the lichen CoUema lenax. Bond & Scott (1955) demon- 
strated by the isotopic method that two lichens with blue-green algae 
ared nitrogen, in agreement with a conjecture of Ward (1895). Scott 
(193G) found fixation in Pdiigtra praeiextata (containing Nosloc) but 
not mCladonxa impexa, which contains a green alga. 

Several workers (Sambo, 1923; Henkel Yuzhakova, 1936; 
Iskina, 193S) found .dzofo&adcrin or upon tbe thalli of lichens, suggest- 
mg its participation in a three-partner symbiosis with their two 
wmponents. Evidence is, however, lacking that Azotobacter is consis- 
n n . m ■«nth lichens, or transfers nitrogen to them. Krasilnikor 

(1049) found no Jajloloder in many Uchens; Scott (1056), nsing the 
^ method, detected no fixation of nitrogen by Claaonia impexa, a 
Epec.es Elated to contain AzclobacUr. Azolobacler seems, on present 
evidence, ummportant in the nitrogen economy of Uchens. 

B. The biochemistry of biological nitrogen fixation 

““"’S'” conditions 

industrilS^ l^u^ “““SC" "lolecule, a process which 

a knowledge of their nature w ““ ' '“cient; 

induEtrial catalysis. “ great improvement of 

organisms is largely iOTllvMtTo fiL' "f nitrogen-fixing 
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(S.^he.uon 4 Stickland. 1031 S. r °”“”8 bacteria 

"■boo. 1041). Some micro^r^'” 1046;keipa 4 

■" tvhrch it occur, do not fix 
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(Wilson, Burris, k Coffee, 1943) failed, but it \ras later detected in 
soybean nodules (Hoch, Little, & Burris, 1957). Rosenblum & Wilson 
(1050) reported the rate of anaerobic nitrogen fixation in C?os/ridium 
to bo unaffected by hydrogen, but Hiai, Mori, Hino, & Mori (1957) 
found competitire inhibition of fixation by hydrogen in Clostridium, 
uhich contains hydrogenase (Shug, Wilson, Green, & Mahler, 1954). 
Ijce k Mibon (1943) Ehou-ed hydrogenase formation in Azotobacler to 
be associated with the metabolism of gaseous nitrogen rather than of 
Indrogen. This finding strongly suggests a connexion between hydro- 
penase and nitrogen fixation. It was confirmed (Green & Wilson, 1953; 
G^n, Alexander, & ilson, 1953) by more precise methods than in the 
onginal Avork. Mutant ccUa incapable of fixation contained little 
hydrogenace. 

It has been suggested that hydrogenase itself or some closely 
rc a e< cnzjme catalyses the reduction of nitrogen to ammonia or to 
some less reduwd compound. A preliminary mobilization of hydrogen by 
iydro8cna=c followed by the intervention of another enzyme system 
nW ^ ■nleraetion of nitrogen and hydrogen, is perhaps more 

fm^n itmt ’ “ parable 

10^1 Cm." ■" (Hyt^dman, Burris, & Wilson, 

nitmgenamnmh^^" “n 

with TOme I)ha.e r r 1**'"'*’ liydrogenase may be associated 

-- - - 

cnr.Je,"rizl?remrcv;r“"' r 

nitrogen. Tlicv rentvsent I'til reduction of molecular 

founded, ll,at enzvrr..,h T" "o'l- 

preally l.ainpcred 'hv il,e diOkuUv of^Tl'""; 

I.artieul.sleprcp.initions which mliihlynvni'lT® 

»n coll-frcc extracts of A claim of fixation 

>on.)aro„.„, ™ ^ Stepanian, 

(Uohen:, 1030; Allison, Ilor^vcr t uunfirmed by later workers 
Imd.cnct.ki, .Uolntwrva Perova ’* K '' • *“^^1 

^ Wil-on (103-, retried change t'TT' I”'"’' 

cliromo systems in sonic catracts of I ‘'y*'’" 
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combin«5 nitrogen (Jensen & Betty, 1943). Molybdenum-deficient 
legumes may be heavily nodulated, but the nodules are inefBcient, 
fixing much less nitrogen per unit weight than those of normal plants 
(Jensen, 1945; Anderson, 1946; Anderson & Thomas, 1946; Mulder, 
1950). Responses to molj'bdenum by legumes growing in field conditions 
have been observed by many workers, e.g. Dmitriev, 1939a, 6; Anderson, 
1940. The seeds of legumes contain relatively laige amounts of moly- 
bdenum (Bertrand, 1939; Vinogradova, 1943). The molybdenum content 
of the seed varies considerably in different leguminous species. Seeds 
of some species of Caesalpiniodeae contain less molybdeniun than in 
other Eub-families, but too few species have been examined to indicate 
whether this is a consistent distinction (Vinogradova, 1953). Molyb- 
denum thus seems to be associated with fixation; its role, however, re- 
mains unkmown and may be indirect. It is essential for flowering plants 
Amon & Stout, 1939; Piper, 1940; Steinberg, 1941) and for fnngi 
(Steinberg, 1930, 1937) nhich do not fcr nitrogen, being mvolrad in 
the reduction of ralrate to ammonia. The requirement for molybdenum 
IS r^uced in plants supplied nith ammonium; it may even be 
ebmma tod, the element being essenlial only for plants nstog nitrate 

or. if they can do so, molecular nitrogen. 

vanadium is reported for 

legumes (Jensen k BettV mrlr 

vanadium 

lOl:). The effectiveness of v^"j” " high (Bertrand, 

Esposito 4 Wilson (l93Ca) ™ ''' 

tungsten inhibited gronth in 

or nith nitrate, the inhibition I . "'^'"i’i’hedivith gaseous nitrogen 
evltnre, supply .'^'"8 "=«esible by molybdenum. In 

mueb le... and not reversilt”T™ Siotamate the inhibition svas 
(1950) obtained "’'’iyhdenum. Davies & StockdUl 

molybdenum in symbiotic fijratim tungsten replaced 

■bond ,h„, ,00 p.p,„, of tanesten^il'S'"'”- & Varner (1957) 

of Arofotsirf^r using nitrate or medium supported growth 
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others, require cobalt {Holm-Hansen, Gerloff & Skoog, 1954; Allen, 
1956); it does not appear to be associated with nitrogen fixation. The 
requirement for cobalt is greatly reduced if it is supplied as cobalamin 
instead of as the cobaltous ion. Levin, Funk, & Tendler (1954) found 
much more vitamin in effective nodules of clover, lucerne, and peas 
than in their roots. Synthesis of the vitamin by rhizobia was demon- 
strated. Cobalt is reported (Ahmed & Evans, 1959) to stimulate nitrogen 
fixation in nodulated soybeans, the cobaltous ion being more effective 
than cobalamin. Reisenauer (I960) found cobalt apparently essential 
for fixation in nodules of lucerne {Medieago saliva). Powrie {I960) 
recorded substantial field responses to cobalt by nodulated subterranean 
clover. 


The effect of combined nitrogen in the medium is complex. Ammonia 
and substances from which it is readily formed, e.g. urea, inliibit 
fixation in^ Azolobacttr vinelandii, but nitrite and nitrate do so only 
after a penod of adaptation, suggesting that they are first conwerted to 
ammonia; aspartic and glutamic acids do not inhibit (Wilson, Hull, & 
results for ,4. chroococcum were reported by Aso, 
*" (Newton, Wilson, & Burris, 
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root-nodules seem distinct from any of the kno^vn animal haemoglobins, 
but fall wthin their range of structure. For this reason the name 
“leghaemoglobin”, used for the nodule pigment by Virtanen, Jorma, & 
Laine (1946) and some other \rorkers, appears unnecessary. 

Haemoglobin does not occur in rhizobia grouing alone, or in 
legumes apart from the nodules. This suggests a specific association 
^^th fixation, u'hich neither free rhizobia nor non-nodulated legumes 
can perform. Smith (1949) and Heumann (1952a) reported that in 
nodules haemoglobin was restricted to large bacteroid-fiUed cells 
believed to be the seat of the fixation process, but its role in fixation is 
still obscure. Tovc & "Wilson (1048) and Virtanen, Jorma, Linkola, & 
Linnasalmi (1947) were unable to induce fixation in free-living rhizobia 
by adding nodule haemoglobin. Heumann (19526), however, stated 
that rhizobia from pea nodules formed bacteroids and fixed nitrogen in 
carrot media containing human blood. Confirmation of the latter claim 
would he of particular interest; several substances produce bacteroids 
in culture, but fixation in artificial media has not been demonstrated. 
Haemoglobin may react directly with nitrogen in fixation, but seems 
more likely to be an oxygen carrier, as in animals. The rhizobia are 
aerobic and there is evidence (Pietz. 1938; Frazer, 1943) oflow oxygen 
tension m legume nodules. 
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This avoidable confusion is unfortimatej as the problems involved are 
of considerable intrinsic difBcnlty. 

Most of the known simple molecules containing one or two atoms of 
nitrogen have been proposed as intermediates in fixation. Formal 
relations between some of these are shown in Fig. 1. A7im & Roberts 
(lOoCa) suggested that fixation is as likely to begin with an oxidation 
as with a reduction. This view is supported by apparent metabolic 
similarities between fixation and nitrate assimilation, but there is little 
direct evidence for it. Labelled nitrous oxide is used by soybean 
nodules and by Azolobacter vinelandii, but only slowly (Mozen & 
Burris, 1954). Nitrous oxide is a specific competitive inhibitor of fixa- 
tion in Azotobacler (Repaske &, Wilson, 1952; Wilson & Roberts, 1954). 

+H,0 

N»0 HON = NOH H,N - NO, 

Nitrous Hjrponitrout Nitramlde 

Oxide add 
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Tr.'l* jKieme is chemically plauable. Hydroxylamine forms oximes 
r»a.d3T in vitro ^rith aldehydes and ketones (Meyer & Janny, 1882). 
ireyer 2c Schulze (1884) postulated similar reactions in the plant, 
jrsgi'esting that hydroxylamine could be formed by reduction of 
nitrate or oxidation of ammonia. They noted the ‘aggressive behaviour’ 
of hydroxylamine towards carbonyl compounds, and its ‘astonishing 


facility’ in converting them to nitrogenous derivatives. They then 
supplied hydroxylamine as a source of nitrogen to maize and barley 
plants, which died in a few days, demonstrating the high toxicity to 
plant tissues that makes experiments with hydroxylamine ditBcult. 
Toxicity of hydroxylamine to plants was confirmed by Loew (1887). 
Usami (1037) found it toxic in low concentrations to the aquatic moss 
Fontinalii antipyretica. As pointed out by Meyer & Schulze (1884), 
this toxicity docs not rule out hydroxylamine as n possible metabolic 
intermediate, for in livo it may be utiUzed without accumulating to 
toxic levels. Substances with the oxime (CNOH) group occur in the 
culture medium of Azotobacter (Blom, 1931; Eudres, 1936). Virtanen & 
Sans (1935) identified, by reduction to the corresponding amino-acids, 
the oximes of pymvic, s-ketoglutaric, oxalacetic, and glyoxylic acids 
m the yeast Tor^tlopah vlUis after supply of nitrite. 
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The results were broadly similar in all species tested. The highest 
proportion of always appeared in glutamic acid, usually followed 
by aspartic acid, alanine, and ammonia (the last including any amide 
nitrogen present before hydrolj’sis). Ammonia assimilated by plant cells 
is largely converted to glutamine and asparagine, which on hydrolysis 
appear as glutamic and aspartic acids. Aspartic acid also arises from 
glutamic acid by transamination, or from ammonia by amination of 
oxalacetic acid. Alanine is formed from glutamic acid by transamina- 
tion; it also arises from ammonia and pyruvic acid. The distribution 
of labelled nitrogen supplied as the gas is thus consistent with the 


ammonia hypothesis, which is further supported by the unchanged 
distribution in Azolohacter supplied -vrith N“-labelled ammonia 
(Burris & Wilson, 1940; Burma & Burris, 1957). A culture fixing 
nitrogen can use ammonia without any lag period; this is consistent 
with ammonia being formed in fixation. Clostridium may excrete into 
the culture medium up to 60 per cent of the nitrogen fixed, as ammonia, 
glutamine, and asparagine (Zelitcli et al, 19516). Lahelfing is very high 
in excreted ammonia, high in glutamine, and fairly high in asparagine. 
Nitrogen fixed by cell-frco extracts o( Clostridium appears as ammonia 
(Carnahan el ai, 1900), 

* ^^ond, 1058) labelled nitrogen 
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Hydrazine (HjX — is another reduced compound postulated 
as an intermediate Tvithout receiving much experimental study, largely 
because of its toxicity even at low levels (Loew, 1890(f). Suzuki & 
Suzuki (1954) reported oxidation of hydrazine by Azotobacier without 
identifjing the reaction products; Riggio-Bevilacqua (1956) made 
similar obser^’ations on pea. seedlings. Azim & Roberts (1956&) found 
hjdrazine to inhibit fixation in Azo/ofeuricr at concentrations above 
2 X 10 * 31; at lower concentrations it stimulated fixation, an effect 
stated not to be due to breakdown to gaseous nitrogen. Bach (1957) 
supplied hydrazine labelled with in both nitrogen atoms to Azoto- 
hacUr, and recovered isotopic nitrogen from the cells in three azines, 
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fixation. The mechanisms of fixation may differ in tliis system and in 
nitrogen-fixing organisms, but the prominence of molybdenum in both 
is interesting. 


F. Energy relations of nitrogen fixation 

Tiie bond energy of the triple bond between nitrogen atoms is very 
high. This fact is surprising in tnro ways. Firstly a high bond energy 
should, on the generaUy accepted principles of chemistry, imply great 
rcnctmty, yet diatomic nitrogen is notoriously one of the least reactive 
molecules known. Secondly, the actual bond energy for the N^N 
bond is much higher than would be expected from the values for the 
-N -N and ^ bonds. This is shown in the table below, values for the 
corresponding bonds for carbon atoms being given for comparison: 


Jiona enernn I'-aH/mok) 

C-C 82 K-K 38 

C=C HO N=N 98 

C-C 192 jj_jj 

\V t ntm“ ^the W 1 n «>« triple bond. 

tion seems to available for thl^^ ^ •''’"‘i’ No convincing explana- 
knowledge of the fundamoni i i ^ anomalies, which suggest that 

Thiseirclmswrr^^d^trrr^^^ 

first step in fixation. ™ progress m understanding the 

requires an input'^f cnc^' ™trogen feation necessarily 
firmly ontrenclicd i„ i?e rr„?r "“r “™g“ 

writers, is certainly false Tim i repeated by some recent 

exothermic (Haber & Van OonR To^-? ^trogen to ammonia is 
witliont assistance if a suitnhio ’ u therefore proceed 

» clearly f„„„d fixinrC^r T-™ “ mechanism 

energy in fixation and „„ i„d ”f’ ““y <>" hn'nnce expend no 

..ability „r„,o 2 ,^ 2 , likely ^ great 

energy changes oceiirring onee it i i”"! ""’fteule is irrelevant to the 
argumenls, leaving oix'n the nature of » thermodynamic 

the overall proces., of fixation a., viehl ‘"volved, show 

enegj- ,f It i, ewntially a rcduetiTO ormt"''^'^'^ '^“"™ming free 

Clm«,an,en.We„iger ,.923, and 

concluded that 
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Bayliss (lOoG) showed the formation of hj-drazine, and still more of 
hydrosylamine, from gaseous nitrogen to be energetically unfavourable, 
if coupled to the formation of carbon dioxide from glucose. Such thermo- 
dynamic relations do not imply either that a given energetically 
favourable reaction will occur in any biological system, or that an ener- 
getically unfavourable reaction cannot occur. They do, however, show 
vliich reactions are feasible without an extra supply of energy, and 
these may well be regarded as the most likely to occur unless there is 
evidence to the contrary. Biochemical studies suggest a direct reduction 
o nitrogen to ammonia in fixation; the thermodynamic data are 
consistcrit with this hypothesis which, though not fully proved, is the 
best available interpretation of the established facts. 


G. Symbiotic nitrogen fixation in legumes 

that Iegun.inoT.8 crops enrich the soil 

Srs ty ‘te classical 

rcl«t “">5 ColumeUa (first century A.n.) 

empirical studv anJ'l'* O" the subject reflected long 

•eCoI a^ ,1 rtated that 

CTCci?lupitn^,„i, ^ "“‘''“’S ‘a '•etler for manuring the fields than 
formed', addino thaMi ground before the pods are 

vclchcs also cnriclied ^littitute for dung and 

n.c.) serote that Wns stre:l tfr, ^''“Phrastns (37,^285 
pwple of Jlacedonia and Th i ^ and therefore the 

they nere in fio,™ Eari^(;":l‘“™^"'™ ground nhen 

peen manuring with legume, Vinril mention 

«f a leguminous crop fn a rotalfon !! 1 

after vetches or lupins ’ recommended sowing wheat 

nceumulat(d duriig^ Hieir d •'“t not cereals 

•epplicd through the f '''‘’n">«"t more nitrogen than rras 

llis rcult, K-cm convineina t™l'» T® "“’“'“‘"ion from the air. 
time, perhajw l»ocause the difrprf.nt regarded at the 

tcmainwl unexplained. Yille \ of cereals and legumes 

other plants ga.^u,, both legumes and 

j^'r! "orkcra ( 00 ^ 18 -?^ n ■"'mediately re- 

" ‘■‘"'iina no .ignificant Mio"'’’, >“=)• Bou-asingault 

other plant* groa-n in rarcfulK- TOn?''n®i'' legumes 

■ '""•■"'led conditions on ignited 
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essential component of the experimental system, "were eliminated by 
precautions aimed at stray contaminants. The success of these pre- 
cautions caused the experiment to give an answer which, though 
correct in the conditions used, was completely false in relation to the 
question it was planned to study. The whole episode shows that precise 
and well-controlled experiments which omit an essential factor may 
mislead while less exact but frequently repeated field observations give 
a true answer. Schultz-Lipitz (1881), who introduced the terms 
'StkhsloJfsammW (N-accumulator) for legumes and 'Stickslojfjresser' 
(N-consumer) for cereals, was opposed to the weight of scientific 
opinion of his day in maintaining that lupins, clover, and peas used a 
source of nitrogen unavailable to cereals. His conclusion, based on 
tra itional fanning practice and on direct observation of enrichment of 
poor Ban } soils by lupins, was nevertheless correct. Reduction of 


experimental factors to a 


minimum, a powerful tool in the solution of 


proiiiems, becomes dangerous when some important factor is 
unwittingly neglected. ^ 

H. Root-nodules o( Leguminosae 

fiEurcd ** botanists, being 

in IBS? Ijv Dll’ in 1542 and described 

L^g“?nolfrfae " 

(fttrn, JJauBinia, Com™ ' nodules, but the genera .4*7wn- 

Oi/umocbdm, and Saram conin' GhdUschia, 
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The bacteria ""nierous root-nodules, 

generation of the liost plant l” ” "“f f ninsmitted in the seed, each 

bain. (Ward, 18S7roril^'"r'^'f'^f™"'‘''»“ii‘i'™nghroot- 
b-odolci„the„qua,icIetr\v 7 (Bieberdorf: 1938). 

an'n- by penetration of epidemlol rolh «>ot-hairs, 

l.air 11,0 bacteria are surrounded IK ' *9^9)- Within the root- 
thrcad-Iikc structnro passing iS’**) '>>• “ 

"'rtexoftboroot. nhcrcthc\art ^ epidermal celU into the 
fonn n branched nodule often stimulate rapid divisions which 

IVvelopment appears to follow '^ith the root bearing it. 

mfection thread; it affects both bacteria from the 

^ -^nd adjacent cells without 
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phytic species. Chromohaderium includes pigmented soil saprophytes. 
Kcither genus is kno^vn to include nitrogen-fixtures. Numerous species 
of Bhizobium have been based on specificity towards host plants, but 
the number of valid species is very doubtful. 

The rhizobia are Gram-negative, aerobic rods capable of living 
saprophj'tically in the soil, Avhere they usually have a motile flagellated 
stage. In many leguminous nodules peculiar forms known as bacteroids 
are prominent, though they are rare in nodules of some species. 
Brunchorst (1885) coined the term ‘bacteroid’ for objects which he 
considered as protein-storing organs of the host cell. They are now 
recognized as aberrant bacteria, as stated by Frank (1879) and Prillieux 
(1879). Bacteroids are induced in culture by alkaloids, high acidity, 
and other special features of the medium. They lack flagellae and are of 
unusual shapes (X-, Y-, T-, club-, or star-shaped). Many conflicting 
reports exist on the life-history of rhizohia; more work is needed to 
clarify the present confused picture. It has been suggested that only 
bacteroids fix nitrogen, but some effective nodules lack bacteroids, 
o.g. in Carajanu oriioresceiu (Allen, Gregory, & Allen, 1955). Beigersen 
(1055, 1057) considered the morphological features of bacteroids less 
significant than metabolic changes occurring as they develop from 
fm-hving rliizohia. He suggested that bacteria in soybean nodules, 

me ifoV 1"^'“ forms, had undergone 
melabolie changes similar to those postulated for bacteroids. 

J. Eficctlve and ineffective nodules 

ahim'vTo tilf greatly in 

Mitj to induce efficient nodules (Fred, Baldwin t 'tlef^v lOS’- 

GregoT t A^eu: »53)’“^f 
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small nodules. grains often induce many 
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system of Hie host ; elfeetivcnixlulc ’ 'l'* '>'r“ Gie root 
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nccM-iarily ineffective nodulea nrv*. Numerous small and 

atmospheres free from nitiwo ^ 'ooculatcd legumes grown in 
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The older work suggests that the nodules fix nitrogen, but this is not yet 
confirroed by modem methods. 

Hooker (1854), in a paper apparently published only as an abstract, 
described root-nodules in Podoearpus dacrydioides, a New Zealand 
species, and noted their occurrence in Araucaria, Cunninghamia, 
Cupressns, Dacrydium, Phyllodadus, Taxodium, and Thuya. He 
compared them to the root-nodulcs of legumes, and suggested that they 
had some function in the nutrition of the plants that bore them. Van 
Tieghcm (1870) described root-nodules of Podocarptis neriifolius as 
lateral rootlets of arrested growth forming small hemispherical warts 
arranged in two opposite rows along the roots, and placed so closely as 
almost to touch one another. Janse (1897) found similar nodules in 
P. cupressinua, but renewed gron'th of the rootlet formed a series of 
nodules arranged like a row of beads. The endophjde in these nodules 
V as described as a non-septate hlaracntous fungus, bearing sporangioles 
and vesicles, and grouing inside the host cells. Nobbe & Hiltner (1899) 
found a similar fungus in Podocarpus nodules, and stated that seedlings 
without nodules grew very poorly, though nodulated seedlings grew 
Vigorously for five years in a sand free from nitrogen. Shibata (1902) 
reported that nodules of Podocarpua ehinenaia contained a hyphomy- 
rote that assumed an amoeboid form and was finally digested by the 
host cclU. Spratt (19126) studied nodules from plants of Podo<irpus 

eetehmt I f vi Pacrydium /ranHtni, J/tcro- 

^ Hcfiomano.-de^. and Saxegothaea con- 

CaLn nl n ^'^so of other non-legumes (e.g. Alnua, 

nZr, structures. BLrcated 

n^ulcs no species examined bore 

non-Iccumcs TI f * 7 perennial structures of other 

lcg>iminou8 nngiosperras where the"'’ 

of the branched rootlets.’ nodule grows by apical meristems 

identified tl.o *“ nitrogen, and 

were found rarely nnd only in tl ‘'Snnica. Fungal hyphae 

(10230), working in Au.traii. nodules. SIcLuckie 

found the main endonhyte toT^ ^odocarpuj apinnlora and P. data. 
•imilar to hut not identi'ral with rh^roty^'r'*™’ considered 

oceaaionally pre,ent. Yeales (loan 'n- ‘ntracellular fungus was 
” •‘"d.ed 20 speeies of Podocarpaa 
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nodules (Spratt, 19126; McLuekie, 1923a) also require confirmation. 

Little is knoAvn of root-nodules in other conifers. Janse (1897) 
referred briefly to nodules in .4ro«cana exceUa, Agathis rohusla, 
Cupressus fastigiahts, and Junipervs chinensis, all from trees gromi in 
a botanic garden in Java. Ycates (1924) recorded nodules in Araucaria 
excelsa and Agathis australis. Both authors considered the endophytes 
to be filamentous fungi. 


(b) ANGIOSPERMS 

The association of a nitrogen-fiiing blue-green alga Trith several 
species of Gunnera (Halorhagidaceae) has already been mentioned. 
Root-nodules believed, and in some cases proved, to contain other 
nitrogen-fixing micro-organisms are known in the dicotyledonous 
families Betulaecae (AZwws), Casuarinaceae {Casuarina), Coriariaceae 
(Coriana), Elaeagnaceae {Elaeagnus, Hippophae, Shepherdia), Myri- 
wccao {Comptonia, Hyriea), and Rhamnaceae {Ceanothus, Discaria). 
Tlic total number of species studied is about fifty. Cbodat (1904) 
referred m a verj- brief report to root-nodules on Ehamnus which he 
apparently considered similar to those of Alnns and Hippophae. No 
e ai 3 vere given about the Rhamnus nodules nor was it stated on 
Sjr'" widespread genas they oecurred. Eoot- 

bt MoLi ^ loumalou 

n Urease , ‘hey could fa 

Set !n U. , f Rh.mtu.cese. ^hich contains both 

ted with Elacara" " '''if Ceanothus, is taxonomicaliy associn- 
8'"'- '>f-hich are known to include 
n”c i?Awfr immeondii (Rosaccac) 

rircap"l^^“f “-idered frere field observations 

nodules in Balisca cannatina n m/mi reported root- 

of doubtful sj-etomatic nn ^ family (Datiscaceae) 

containing ‘ -3- family 

contain bacteria rescmblinr'Tl!'^ apecics. The nodules were stated to 
abiUly to fix nitrogen seems not luminous root-nodules; their 

"tated that leopynim tested. SlacDougal (1894) 

t^t nodulM, but in a later |°"“^“'''ccae) had nitrogen-faing 
abandon this claim. ^ *ieDougal, 1890) he appeared to 

clu-ive. A report (Nogtev [Jallf few and incon- 

^ . IU39) of fixation in root-nodules of the 
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nodules or nodulated plants of AXnus, 2Iyrica, and HippopTiae (Bond, 
lOoo), Casuarina, Ceanothus, and Shepherdia (Bond, 19576), and 
Coriaria (Stevenson, 1958; Harris & Morrison, 1958). Bond (1956a) 
used N*® to demonstrate fixation by nodules still attached to roots of 
i41nu5 ghiinosa growing in natural habitats. 

These results confirm that root-nodules in these genera are similar 
in function to those of the Leguminosae. The nature of their endophytes 


remains obscure. Varied views have been held on this subject; some 
workers have successively supported several theories strikingly at 
variance with one another. There is no reason to suppose that all 
non-legume nodules contain similar endophytes. Cross-inoculation 
occurs between the three genera of Elaeagnaceae, though some possible 
combinations seem not to have been tested (Roberg, 1934; Gardner & 
Bond. 1957), but not between Alnua and Elaeagnus, Hippopkae, or 
Myrica (Roberg. 1934; Bond. Fletcher. & Ferguson, 1954). 

Woronin (18G0, 1867) described the Alnus endophyte as a non- 
wptato filamentous lij-phomycete with terminal vesicles, and named it 
5c/un:ia aim. Warming (1876) recorded root-nodules in Elaeagnus, 
ihppopiiae. and Shepherdia. He noted the resemblance of the HippopTiae 

Zik", pr° to be a mj^omyocte 

braeiiaxe, described by Woronin (1876) ns 
b^ n'e-nV" This view, s^ported 
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Plasmodiophorales and probably to the genus Plasmodiophora. They 
doubted if the true nodule organisms had ever been cultivated on 
artificial media. Quispel (1954a, h) also held the endophyte of Alnus 
to be incapable of cultivation on any media hitherto tried, and agreed 
Tvith Ivrcbber (1932) and Bomvens (1943) that its nature remained 
unknovm. 

Pommer (1956) found that nodule formation in Alnus glntinosa 
was initiated by an actinomycete that entered root-hairs and stimulated 


the root tissues to active cell division. Two mould fungi {Cylindrocarpon 
radtcicola and PenicHlium albidum) induced nodules indistinguishable 
in their early stages from those produced by the actinomycete. These 
fungal nodules were short-lived, in contrast to the perennial nodules 
formed in natural conditions; none survived more than twelve weeks, 
the host plant promptly cutting off the infected tissue by a periderm. 
The similanty between early stages of the nodules induced by moulds 
and by actmomycetea may thus be only superficial, the final reaction 
of the host being different. It is nevertheless of great interest that nodule 
formatjon can be initiated by pathogenic fungi. Pommer (1050) grew 
n artificm an actinomycete isolated from Alnus nodules, but 

n repeated tnais was unable to induce nodules in plants inoculated 
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nodulated plants and excised nodules of Casuarina cunningJiamiana by 
the isotopic method (Bond, 19576). 

The nodules of Ceanotkua have not been much studied though 
they have been recorded in C. amerieanus, C. azureiis, C. ddUianus, G. 
fcndlcTx, C. micropliyllus, and C. ovatus (Arzberger, 1910) and in C. 
cordulatus, C. diversifoUus, C. fresnensis, C. impressiis, C. integerrimiis, 
C. parvifolius, and C. prostratvs (Quick, 1944). Atkinson (1891, 1892) 
referred the causal organism to the Plasmodiophorales, pointing out its 
similarity to the endophjde of Alnus and also to Plasmodiophora 
brassierte. Bottomley (1015) found, as usual, bacteria like legume 
rhizohia but fixing nitrogen vigorously in culture. Nodules are absent 
on Ceanolhis plants cultivated as ornamentals in Britain (Bottomley, 
1915; Haukcr & Fraymouth, 1951), even in species that are nodulated 
in North America, the home of the genus. The absence in British soUs 
of the nodulating organism for Ceanolhvs suggests that it is distinct 
from those of Alnua, IHppophae, and Jlyrtca, and afortion from the 
Jjzohia of the Leguminosae. American species of 3/ynca cultivated in 
France form nodules (Chevalier, 1902); they may thus share the 
endophyte of the European species, 31. gale, n-hich occurs also in North 
Amcnca. Some other species produce nodules rrhen planted outside the 
° ^ genus to which they belong. Several species of 

nSed m consistently 

^ Central 

Furopcan bot ' appears to lack nodules in 

sXw 10^4^ T'fT 1018; Bond. 1957«). 

->°ts (presumably 

L. Fixation in detached root-nodules 
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continuously transferred nitrogenous compounds to the host throughout 
their life. Cytological observations showed that the bacteria disinte- 


grated about the same time as the general cellular collapse in the 
senescent nodule (Dangcard, 1926; iUlovidov, 1928; Hoequette, 1930). 
Tliis disintegration, \Yhich may indicate digestion of bacteria by host 
cells, does not alwaj’s occur. Thornton (1930, 1936) found rhizobia 
invading the intercellular spaces and the middle lamellae of the cell 
walls, and suggested that they became parasitic in senescent nodules. 
Even if digestion does occur it is relevant only to the final evacuation 
of nitrogen from senescent nodules. Transfer of nitrogen clearly begins 
much earlier, as benefits from nodulation appear in young seedlings 
before any nodules arc senescent. Here transfer must occur in some 
other n a\ . Presumably the bacteria excrete nitrogenous compounds, 
which are then absorbed by the host cells of the nodules and transferred 
to other parts of the plant. 


Bond (1930) showed that in soybean a very high proportion of the 
m rogen IX , probably 80 to 90 per cent, is regularly exported from 
c n u 03 0 other parts of the host plant. Similar results are recorded 
for other legumes (Jensen. 1948; VIrtanen, 1952). and for Alnus 
\V'i’ fitted nitrogen moves to the shoot in 

mUtio^'n ^ distinguished three phases in 

Warw I : "‘'"’snn from noduV to host plant in soy- 

pr^TOrtrin comparatively high 
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the amounts of nitrogen removed by cropping have rarely been 
recorded. Jensen (1940), in an extensive and careful study of the 
nitrogen economy in soils of the Kew South Wales vheat belt, found 
Azotc^adtr in 50 per cent ofthesoflsof pH 6*0 or above. Most soils had 
vcrj' few Azolohader; only 5 per cent gave counts above 600 per g. 
Swaby (1939) recorded similar results for the wheat belt of Victoria. 


McKnight (1950) found black earth soils in Queensland to be rich in 
Azolohader, but it was usually absent in poor soils derived from 
granite or coastal sands. Nitrogen-fixing species of Clostridium were 
present in 140 out of 143 soils tested. Tchan & Beadle (1955) estimated 
the maximum possible contribution by Azolohader to the nitrogen 
capital of arid soils in AVestem New' South Wales at 0-1 Ib/acre/year 
(0-1 kg/ha/year), compared with 3 Ib/acre/year (3-4 kg/ha/year) by 
^ uc green algae. These amounts are very low but may be significant 
m areas where the annual loss of nitrogen is also low, 

Swaby (1039) and Jensen (1040) found little Azoloiacler in soils of 
pH be ow 0 0. Uter workera have, however, found Azolobacter species 
flounsbmg at pH values between 4 and 5 in Australia (Tchan, lOSSu; 
Vine, 'rf ™''- ociiolokram). Denmark (Jensen, 1956: 

tcl >“54: Azolohader spp.) 

1930- tropical soils (Altson, 
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basically is agar but a cell-wall material from algae?’ Pshenin (1959) 
found Azotobacier alwa 3 ’S present, though in variable numbers, in 
sediments on the bottom of the Black Sea at depths from 10 to 2,200 m. 
The main species was A. cJiroococcxim.', A. agile, A. insigne, A. nigricans 
and A. vlnelandii were also recorded. Nitrogen fixation by Azotobacier 
in fresh and marine waters may well be significant, but the available 
data hardlj’ permit an estimate of its importance in the nitrogen cycle 
as a whole. 


(ii) Blue-green algae (Cyanophyceae). Blue-green algae have an almost 
ubiquitous distribution and could be important in the economy of 
nitrogen if many species prove capable of fixation. As photosynthetic 
oiganisms they seem likely to flourish in soil only at or near the surface. 
Some species, how ever, use organic compounds and may live saprophj'- 
tically at greater depths. Blue-green algae are found in waters of all 
temperat ures from hot springs, the habitat of the nitrogen-fixing species 
Jfa.sr»j 7 oc?ndu« hminosus and OscHlaloria subbrevis, to the cold lakes 
of the Arctic and Antarctic. They are prominent in fresh water, salt 
marshes and the intertidal zone. Some marine Cj-anophyceae are red or 
nm* occurring at depths of 30 m or more and flourishing 

iTi/ffc" ^ cnsities. A red-pigmented Cyanophyceae, TrteJiodesmium 
Eca *** numbeiB at the surface of the 
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of the first seasons, hut in the pots with darkened soil the yield fell. 
Over the five years there was a marked increase in the nitrogen content 
of the soils ■with abundant algae, and a decrease in the soils where 
they were absent. The luxuriant growth of blue-green algae in this 
experiment, and in rice fields, is attributed by the authors to the high 
carbon dioxide supply from the respiring rice roots, and in the later 
years also from decomposition of root i^idues in the soil. Even in these 
favourable conditions the algae did not benefit the rice during the first 
three years. This suggests a transfer of nitrogen to the rice after decom- 
position of the algae rather than by excretion, ilore rapid increases in 
growth and yield of rice grown with Tolypothrix tenuis were reported 
by ^Vatanabe, Nishigaki, & Konishi {1951). 

De & Mandal (1956) used a gasometric method to test fixation in 
six rice soils in pots under water-logged conditions. They estimated the 
gain in nitrogen from fixation by blue-green algae over six weeks at 
14 to 44 lb N/acro (IG to 49 kg N/ha); with added phosphate and 
molybdenum the best soil gained 70 lb X/acre (78 kg X/ha). Venkatara- 
man, Dutta, t Xatarajan (1059) shon-rf Cylindrospermum sphaerica, 
wmmon in culliratcd soils near Delhi, to be an etfective nitrogen fixer. 
Jsitrogcn fixation by blue-green algae may be appreciable in fresh-water 
lakes; high rates of fixation probably ocenr for short perioda only 
(Aleyev iMudretsova, 1037; Hutchinson, 1041; Dugdale. Dngdale, 
Acesa, k Goring, 1930). .6 .6 

^'’^^v^n-fixing speciea Anabaena cj/Jindrica excretes large 
lints of ^Ij-peptides in culture. These rather complex compounds 
Z ro ^ 'T''“'““'’‘”’'‘s'-”P'“"'^;‘heyarelargelvunavail- 
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(2) Ilhizohia symhiolic tcUk hgumes 

The Leguminosae are one of the most numerous plant families, Tvith 
about 12,000 species, including herbs, shrubs, climbers, and large forest 
trees. The family, though almost cosmopolitan, is represented in 
temperate regioirs mainly by herbs, woody legumes being typical of 
warm climates. Legumes, though often prominent in natural vegeta- 
tion, are inconspicuous in some areas. In New Zealand, for instance, 
they form only a minor part of the native vegetation; the highly pro- 
ductive pastures of that country' are, however, based on introduced 
clovers. 


De Candolle (1855) and Andrews (1914) considered the Leguminosae 
as basically a family of trees and woody climbers, which arose in the 
tropics and spread later into temperate and even cold regions. The 
Leguminosae were already present in the CJretaceous, when climatic 
conditions resembling those now found in the wet tropics covered a 
large part of the earth. Subsequent climatic changes restricted such 
conditions to the comparatively small area enjoying them today. 
Two sub-families of the Leguminosae, llimoseae and Caesalpinioideae, 
are largely tropical, with some extensions to warm temperate regions. 
Many genera and veiy numerous species of the third sub-family 
^apihonatae) arc shrubs, slender climbers, and herbs adapted to 
tcmi^rato and cool conditions. Most of the legumes familiar as tem- 
pasture plants belong to the wholly temperate 

tnbc.TnfoI,cac and VlcioaeorPapilio„atae;afew belong to Phaseoleae. 

a mamly tropical tnbe of the same sub-family. 
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Australian legumes in 48 genera, the total number of known Australian 
species being about 1,100 in 101 genera. 

Norris (19oG) pointed out that ideas on the mineral requirements of 
leguminous crops are based on the study of comparatively few temperate 
species, all belonging to the tribes Trifolieae and Vicieae. Most legumi- 
nous temperate crops demand fertile soils. They require large supplies of 
calcium and phosphorus, and show little tolerance for acid soils. It 
cannot be expected that these requirements will be shared by tropical 
species, as tropical soils arc in general acid, highly leached, and deficient 
in calcium and phosphorus. ^lost tropical legumes which have been 
examined arc nodulated by rhizobia of the ‘cowpea type’; they do not 
show the high host-rhi 2 obmm specificity found in temperate legumes. 
Norris (195G) associated this specificity, together with high mineral 
requirements and intolerance of acid soils, with specialized and recently 
evolved temperate species. In the Legurainosae as a whole low mineral 
requirements and a low degree of rhizobial specificity, as found in the 
tropical species, arc much more usual. 

In sub-tropical Queensland, clovers and lucerne {Trifolium rtptns, 
T. praJense, and Midica^o safim) have much higher requirements of 
calcium and copper for successful growth and nodulation than the 
tropical species Desmofi'um uncinalum and lathyroides 

(Andrew k Bryan, 1955, 1938; Bryan k Andrew, 1058). The different 
responses to calcium probably reflect variations in uptake from poor 
soils rather than in the amount required. Similar effects may explain 
m V t"” molybdenum by species of Medicago and 

Tr./oI.«m (Andrew k Milligan. 1954). Successful nodulation in highly 
acid soils IS reported for kudzu (Puemria phastoloides) in Puerto Rico 
' 1 (Orchard 
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obscure. La Flize (1892) recorded excellent gron-th of barley n^ed 
^rith peas and vetchea, suggesting that it obtained by^ ‘symbiosis 
part of the nitrogen fixed by the nodules of the legumes. His data were 
consistent nith this conclusion, but scarcely adequate to prove it. 
Lyon & Bizzell (1911) stated that cereals and pasture grasses grown 
with legumes had more protein than if grown alone, and suggested that 
grasses took up nitrogenous compounds excreted by legumes, or 
contained in shed roots and nodules. Their pubbshed data show an 
increased protein percentage in the cereals, but do not prove a higher 
nitrogen content per plant. These authors, apparently unaware of the 
work of La Flize, called the effect a ‘heretofore unnoted benefit from 
the growth of legumes', ^loro satisfactory but still hardly conclusive 
evidence of excretion of nitrogenous compounds from roots of legumes 
was given hy Lipman (1912). 


These conclusions were largely ignored, excretion by legumes 
receiving little attention until the question was re-opened by Virtanen 
and his colleagues at Helsinki. Virtanen, von Hausen, & KarstrOm 
(1033) reported substantial excretion of amino-acids by roots of nodu- 
lated peas and their utilization by associated non-legumes. Hemidenko & 
Timofeyeva (1037a, 6) reported transfer of nitrogen from peas to oats, 
Lebedev (1040) found a simitar transfer from lupins to hemp, and 
Nowtn6^'na (1037) confirmed theso results for several mixed cultures. 
In natural conditions the North American leguminous tree i?o6inict 
psiudaeacia has a favourable effect, probably due to increased soil 
nitrogen, on associated plants, e.g. Caialpa (McIntyre & Jeffries, 1932), 
Traxinus, Lmodendron, Quercus, and Ulmxt$ (Chapman, 1935). Jagoe 
(1949) recorded similar effects with the trees Enterolobium cyclocarpunt 
and E. saman in Malaya. Virtanen, von Hausen, & Laine (1937a, b) 
and Virtanen k Laine (1939) reported that transfer of nitrogen to 
awiociated plants could reach a point where the legumes showed signs 
of nitrogen shortage. 
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nnd heat stress. They may thus shed nodules frequently, providing 
organic matter whose breakdoum in the soil would release nitrogen for 
other plants. Nodules shed (Tschirch, 1887) when the host plant fruits 
have probably lost much of their nitrogen. Pate {1958a) calculated that 
less than 3 per cent of the nitrogen fixed in the growing season by 
PIsum orvense is retained in the senescent nodules. The root system has 
only 0 per cent of the nitrogen in mature plants of Ficia/a6a (Emmer- 


ling, 1900). 

Butler & Bathurst (1956) calculated that in New Zealand experi- 
ments the legume in a white clover - rye grass pasture released 71 lb 
N/acrc/year (81 kg N/ha/year) to the soil in shed nodules. This calcula- 
tion, though based on several assumptions, probably gives a reasonable 
estimate of the rate at which nitrogen becomes available in this way 
in the soil beneath a clover-rich pasture. Transfer by shed nodules is 
likely to be much more regular than by the excretion of organic nitro- 
genous compounds, which under most conditions provide only insigni- 
ficant amounts of nitrogen. Some nitrogen reaches the soil in fallen 
leaves and stems of clover, but senescent leaves lose much nitrogen to 
other parts of the plant before falling. Shedding of roots (as distinct 
from nodules) may, however, release appreciable amounts of nitrogen 


in the soil. Other workers In New Zealand (Sears, Lambert, & Thurston, 
1933; Walker, Orchiston, & Adams, 1954) calculated that in field 
pasture trials C4 to 80 lb N/acre (72 to 90 kg N/ha) passed from clover 
to grass, ^\ hite clover, which transfers more nitrogen than red clover, 
may transfer GO per cent of the nitrogen fixed by its nodules. In pasture 
some nitrogen must pass from clover to grass via grazing animals, 
vbich cat protein-rich clover and return part of its nitrogen to the soil 
in their excreta. Nitrogen in urine is probably directly available to 
plants, but that in faeces may need preliminary breakdown by bacteria. 

Johnstone-Wallacc (1937) claimed that, in addition to nitrogen, 
vhhe clover transfers calcium to associated grasses. Tliis might benefit 
masses if it applies to deep-rooted legumes drawing nutrients from 
levcU below those exploited by grass roots. The calcium (and magnes- 
ium) content of legumes is higher (Daniel. 1934, 1935) than that of 
gmv«, thouRh the nodules contain less calcium than the aerial parts of 
tlie plant (Jensen. 1947; Loncragnn. 1050). 

I ^ture legumes and leguminous crops thus add nitrogen to the 
cereal *'**°^^ *^"tribution of leguminous weeds in 

n«t«l that prowing in natural habitats. Howard (1900) 

that m mo.t uheat-groaing districts of India the wheat crop 
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half tho nodules on nild plants of Medirago lupuKna (black medick) 
sverc ineffective; Purchase. Vincent, & Ward (1951) reported similar 
results for M. lamiata in Australia. Ineffective strains reduce fixation 
but are unlikely to eliminate it entirely. 

P. Ecological importance of fixation by nodulated non-legumes 
Tlic available evidence suggests significant fixation by ■wild legumes, 
though further vrork is needed to assess their part in the general economy 
of nitrogen. The importance of fixation by nodulated non-legumes is 
less clear. They are feu* in number compared ■with the legumes, and of 
little direct economic value, but have considerable ecological impor- 
tance. Tlic information available will be summarized for the eight 
genera in which nitrogen fixation is established. 

Alnvs (alder). Crocker A; Jta]or(1055) and Crocker & Dickson (1957) 
studied plant succession and soil development on areas in Alaska 
uncovered at known dates by retreating glaciers. Alniis crispa was one 
of tho first woody plants to appear after the newly bared surface had 
been colonized by mosses and herbs. After twenty -five to forty years a- 
thicket of Alnu9 was almost continuous, but it was a transient 
community; after about fifty years seedlings of spruce (Ptcea sUcheTisis) 
overtopped the alder and gradually shaded it out. The climax forest 
developing on these sites consists of spruce and hemlock {Tsugd 
hcleropTiylla and T. mertcTisiana). Abundant leaf-fall from alder is 
important in building up a new soil. Its contribution of nitrogen is also 
considerable, the net accumulation in the soil being estimated at 55 lb 
N/acro/ycar (G2 kg Js /ha/year) over a period of fifty years. The nitrogen 
content ofthc soil fell after alder disappeared and spruce dominated the 
community. Species of Atnm arc widespread in the northern temperate 
zone and aho in the Andes of South America, where nodules are 
reported m A. jorulhnsU var. spachii (Castellanos, 1944). A. glulinosa 
occupied w-'- -*■ *’ ’ • - in 
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pollen in bog deposits show that, like Alnus, it was prominent in the 
vegetation of many inland European localities soon after the last 
glaciation (Fraser & Godwin, 1955; Walker, 1955). The species is 
consistently nodulated in the field; it fixes nitrogen efficiently in experi- 
mental conditions, an ability presumably valuable in the pioneer 
habitats which it favours. 

Ilyrica. The genus has about fifty species, which occur in many 
temperate and sub-tropical regions. M. gale, the bog myrtle, a low' 
shrub dominating extensive areas of bog in Britain, and in northern 
Europe, Asia, and America, is the moat studied species in relation to 
nitrogen fixation. It is of considerable ecological importance in the 
vegetation of peat bogs. Nodules are recorded in six other species, 
mostly from North America. Another species of the same family, 
Comptonia peregrina, is nodulated both in North American forests and 
in European botanic gardens (Ziegler, 1960). It is abundant in the 
undergrowth of pine forests on sandy and peaty soils, and may be 
significant in their nitrogen economy if its nodules are capable of 
fixation. 


Shepherdia. The genus is confined to North America, where two of 
its three species (S. argentea and S. canadensis) are widespread. Raup 
(1941) and Moss (1953) refer to the vigorous gro^vth of Shepherdia 
species in poor soils, and in Alaska S. canadensis is prominent in the 
early stages of colonization of glacial debris at very low nitrogen levels 
(Crocker & Major, 1950). 

Tlio numlicr of non-lcguminous angiosperms capable of symbiotic 
nitrogen fiialion is comparatively small. The genera where fi.vation is 
estabhshrf have little more than 200 species, abont flfty being knonm 
to be nodulated. Pixat.on is proved for only a few species, but root- 
nodule, are reasonable prima facie evidence of fixation. These plants 
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in the nitrogen economj* of natural vegetation, but perhaps less so than 
in agricultural or grazing land losing annually substantial amounts of 
nitrogen in crops or in the bodies of stock. In undisturbed natural 
vegetation the loss of nitrogen by leaching, erosion, and denitrification 
may be comparative!}* small, most of the element circulating in a closed 
cycle vhich returns it to the soil in shed plant organs, and in the bodies 
and excreta of animals. Nitrogen fixation may, in such conditions of 
equilibrium, benefit the community as a whole rather than the species 
which perform it. 





KITRIFICATION 


Glauber (1C5G) found it -was formed in soils impregnated with excreta 
of herbivorous animals. He recognized saltpetre as a plant nutrient and 
envisaged a cycle in which it passed between animal, soil, and plant, 
and back again to animals eating the plant. Natural crystals of saltpetre 
appear on old walls sheltered from the rain, and mixtures of crude 
nitrates are formed in soils rich in decaying organic matter, particularly 
of animal origin. Nitrates may appear as an efflorescence at the surface 
of the soil, especially in warm dry climates, where soil water evaporates 
at the surface, leaving behind dissolved salts. Saltpetre formed in this 
way was for long exported from Egypt and India to Europe. Nitrates 
accumulate in old graveyards and other soils impregnated with the 


decomposition products of animal remains or excreta. The nitrates 
found on old walls presumably arise from ammonia absorbed by the 
stones or bricks and originating from the decomposition of protein-rich 
materials. Sieraicnounez (1G50), another military engineer, described 
the occurrence of saltpetre in an artillery textbook, Artis magnae 
artiUtriae pars prima. It appeared in dark shady places protected from 
the rays of the sun and from rain or running water, particularly if they 
had sheltered domestic animals of any kind. Siemienowicz (1050) 
strongly recommended old battlefields as sites for prospectors seeking 
deposits of saltpetre, vhicli arose as a final product of decomposition 
from the bodies of the slain. He remarked vith satisfaction that the 
Polish army of his day derived its gunpowder from the bodies of 
enemies killed in earlier wars, and expressed the hope that this econo- 
mical arrangement would continue in the future (‘Poslerilas . ... ex 
rtsoUiUs in putridinem cadaveribus salnitrosam colligat materiam, 
pulverrsqxu nostros fuhnineos praeparabit’). 

awptal (1707), Biimmnrizing the views of his time on the formation 
of sallpe m, emphasited that ealeareoos soils end stones produced in 
rempamhle cendilion., more saltpetre then other sorts. Seltpetre 
ermcl .n eeves we, etlrihuted to the pereeletien of water from over- 
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recognition and estimation imply surprisingly good analytical control 
for the period. Lavoisier, perturbed at this loss in spite of other pre- 
occupations, studied its causes and recommended means for its pre- 
vention in one of his last published trorks. The paper contains much 
background information and ends vrith a detailed examination of the 
problems involved in price-fixing by a monopoly, especially ^rith a 
product containing variable amounts of unwanted material. 

Nitrification thus attracted considerable attention in the early days 
of industrial chemistry, though it was not clearly recognized as a 
biological process. Since the early nineteenth century, biological 
nitrification has been studied mainly in relation to soils; the behaviour 
in natural waters of nitrate arising from sewage has also received much 
attention. 


JIuntz (1887fc, 1890) found abundant nitrifying bacteria in eroding 
rocks on peaks over 3,000 m, notably on the Paulhom, an Alpine peak 
of rotten calcareous rocks whose whole mass they invaded. These 
bacteria are active only in the short summer season, low temperatures 
inhibiting them for the rest of the year, though the cells remain viable 
through the winter. They are heterotrophic and probably uso organic 
matter carried as dust in the atmosphere and dissolved in rain. Muntz 
(18876) found traces of ethyl alcohol in rain on the Pic du Midi at about 


3,000 m, and showed it to he evolved from soils during the decomposition 
of organic residues. Traces of ammonium in the atmosphere were 
a-s-sumed to provide the nitrogen supply of the bacteria. Nitrification by 
organLsm.s receiving carbon and nitrogen only as vapours was demon- 
rtrated experimentally. Nitrate was produced in a dish of calcined soil 
inoculated with a nitrifying organism and enclosed with beakers 
con aining o per cent aqueous ethyl alcohol and 1 per cent aqueous 
ammonmm carbonate. Alcohol and ammonium carbonate volatilized 

r.uL of assimilable carbon and 

ft' at a e to the organism. Atmospheric sources no doubt 
combined nitrogen for nitrifying 
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way were, however, fruitless. Some observations pointed to a possible 
reason for this. Warington (1879) found that glucose inhibited nitrifi- 
cation in soil cultures and later (Warington, 1884, 1888) that carbonates 
were required. Heraeus (1888), finding that nitrifying organisms 
flourished uith ammonium carbonate as the sole source of carbon and 
nitrogen, suspected that organic matter depressed nitrification. He 
inoculated nitrifying organisms from soil into two cultures; one 
contained mineral salts and ammonium carbonate; the other was 
identical except for the addition of glucose. Nitrite formation was 
much more active in the sugar-free medium, and the nitrifying bacteria 
multiplied very rapidly. This was a most startling result, as Heraeus 
pointed out, for only chlorophyll-containing plants were then known 
to assimilate carbon dioxide as such or as carbonates. The nitrifying 
bacteria had no chlorophyll, yet they flourished and multiplied with 
only inorganic sources of carbon. These results were confirmed by 
Hueppo (1888) who, in a paper with the fascinating title TJeber 
Qilorophyllwirkung chlorophyllfrcier Pflanzen’, summarized the 
changes in a nitrifying culture (presumably mixed) by the following 
equations: 


(NH.ljCOa = 2 NH, + CH^O + 0^ 
+ 20,= HNO, + H,0 
CCH,0-H,0=C,H,,05" 


Thew equations, though not entirely in accord with current ideas, 
i”v 1 ' r amental point that nitrifying organisms produce carbo- 

onates. Their formation of organic compounds from 
^rtan ;l.ox.dc i^ been confirmed by later workers, o.g Lozinov & 
-ictmachenko (1007) nsing Xilrosomona, cropocn 

Wino'l^bf"® i" P“70 culture by 

Iihomhatc ^ simple medium containing potassium 

tom,^ ' a Tins medium 

ni.rmo:i::tcb Ik“ — made 

raerlinm nithout tartruL ‘"Sredients. Only the 

inl,ihitodtl,caulotropl,icnitrilicra 

for their ivjhtion TVi r ♦ plates were thus unsuitable 

(Wino^dTw^'Too^' -m in liquid media; later 

»c^cuw^I. Winogmd.kv (180161 
oxidiring ammo's: 

• u Af/ro6arfer, o.xidizing nitrite to 



110 


NITRIFICATION 


1890); 33 (Hes, 1937); 70 (Engel, 1929); and for Kitrobacier: 76 (Nelson. 
1931); 100 (ileyerhof, 1916); 135 (Winogradsky, 1890). The proportion 
of released energj* used for carbohydrate synthesis is clearly low; 
Baas-Bccking & Parks (1927) calculated it as 6*2 per cent for ^itro- 
somonas and 7*5 per cent for NUrobacier. Over 90 per cent of the energy 
derived from oxidation by yUrobacter (ileyerhof, 1916) and 2sitroso- 
inonas (Hes, 1937) is dissipated as heat. 


D. The biochemistry of nitrihcatioa 

The conversion of ammonia to nitrate may be written in two 
stages: 

NH^OH + 1-5 Oj -> HNOt + 2 H,0 + 76 kcal, 

HNOj + 0*5 Oj HNOj + 2-4 kcal 


The first reaction is catalysed by Nilrosoinonas, the second by 
^ itroJjocler. Neither metabolizes organic nitrogen compounds, which are 
only nitrified after ammonia has been split off by heterotrophic micro- 
organisms (Omcliansky, 1890). The organisms have a small endogenous 
respiration, as shown for -Yttro6acler (Bomeke, 1939; Engel, Krech, & 
Eriedcrichsen, 1054), and for Ntirosofnonas (Hofman l-ees, 1932; 
Ruban Zavarzin, 1953). The latter authors state that some ammonia 
is produced catabolically and can be nitrified. The cell-substance of 
the nitrifj-ing bacteria consists largely of protein, which produces on 
hydrolysU the usual range of amino-acids (Hofman. 1953; Engel ci al, 
(1954). Silver (19G0) found that Xitrobacter used formate, but not 
acetate, citrate, lactate, or glucose. 

TIjc stages betwTCn ammonia and nitrate remain somewhat obscure, 
iwo mtcrmediales in addition to nitrite are required if the oxidation 
proc^ in two-clectron steps. Mumford (1914) and Corbet (1935) 
re^rt^ hy^xylaminc and bj-ponitrito aa intermediates in bacterial 
oxidation of ammomum. Since their cultures were probably mixed, 

ia ait^cation. 

Kluj-ver t Donkcr (1020) pmposed the sequence: 

N’H. XH,OH (NOH). - HXO. - HXO, 
“p^uxMhev (or one of iu Uomeru) 

n«UboIicrtloUU.u,d.ffic^t.^c,Xnm7°)aot^^^^ 
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obscure, largely because of difficulties ui growing the organisms m pure 
culture on a scale yielding enough matenal for metabolic study. 


E Heterotrophic nitrification 

The nitnfying orgamsms so far considered are autotropluc. Nitrifi- 
cation IS, indeed, often stated to be strictly associated with autotrophy 
There are, however, many pubhshed reports of mtnfication by hetero 
trophic orgamsms Early statements to this effect n ere severely criticized 
by Winogradsky (1904), and more recent ^\Tlte^8, e g BOmeke (1939), 
have been equally sceptical of later work ilany supposed cases of 
heterotrophic mtnfication may be due to traces of nitrite and nitrate in 
reagents, and of mtrogen oxides in laboratory air These obvious sources 
of error appear, however, to be adequately controlled in some modem 
work 


Aspergillus Jlavus produces mtrate and mtnte firom peptone m 
pure culture (Schmidt, 1954, Ijengar & Hora, 1959) The latter authors 
found that a oxidized mtnte to nitrate, but did not form 

mtnte from peptone Fisher, Fisher, L Appleman (1952, 1956) isolated 
from soil scleral heterotrophic bactena which under carefully con 
trolled conditions oxidized ammonia to mtrate Oxidation of ammonia 
is unlikely to bo important in the energy balance of these species They 
seem, howo cr, to be abundant in the soil, where their total mtnfication 
maj bo significant Some earlier workers, e g Cutler & Mukerji (1931), 
al»o reported slight mtnte formation from ammoma by heterotrophic 
soil bactena in expenments without obvious sources of error These 
hetcrotrophs nitnfy more completely than the autotrophic species 
As^^iUus Jlavus forms ammoma from peptone, a step of which 
.autotrophic nitnficrs are incapable, before oxidizing it to mtnte and 
mtrate autotroph is known to perform both oxidations Streptomyces 

fmm ° *** carbon, mtrogen, and energy requirements 

from urethane forms some mtnte from this compound, mtrate docs not 
appear It nUo mtnfics urea and ammonium carbonato (Sebatz. 
Isctarg. Angns, A Sch.u, Mohan. 1055) 

enz^mo ra'r ‘o 


NU.OH + DPS X1I,0H + DPNH, 

from production of ammoma 

> cnz>me from this orgamsm, but attnbuted 
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large amounts of sulphate in seedlings of Lupinus luteus and of nitrate 
in those of Cucurhila pepo, concluded that these oxidized compounds 
aro'C from protein during termmation Later (Belzung, 1893) he mth 
drcft this suggestion iiith regard to nitrate, whose accumulation m 
seedlings he attributed to very efficient absorption of traces m the 
medium, sulphate was still held to be formed by oxidation of protein 
sulphur Bach (1913) claimed that mtnte arose by enzymatic oxidation 
in stcnle potato juicc None was formed in the absence of oxygen, a 
little appeared in jmce heated to boilmg ilaze (10116, c) recorded a 
similar production of mtnte in stenie juice liom etiolated pea seedlings 
lie also found mtnte in maize seedlings cultivated with ammomum as 
the sole source of nitrogen (Maze, 1912) Later (Maze, 1915), he studied 
mtnte formation m seedhngs of pea (Pisuin satiium), maize (Zea niays), 
and vetch (T icio narhonnensis) grown in stenie culture without mtrate 


At 30'C a little mtnte appeared transiently, at the extreme temperature 
of 5C'C It occurred m larger amounts and for longer penods Both 
oxidation of ammoma and reduction of mtrate w ere held to occur m the 
seedlings, the former being the more accelerated by nsmg temperature 
Ammoma was also oxidized m distilled water at 55*C, and in the seed 
lings maj ha^e formed mtnte non enzymatically 

Malavolta (1954) found mtrate m scedlmgs of nee [Oryza satim) 
w 10 0 0 j nitrogen source was ammonia and suggested that it was 
formed b> an oxidative detoxification mechanism Nitrate has also 
Wen reported m iiodhngs of tomato (Oark, 193G) and barloy (McKeo, 
It 1 t'T nmmoma, but mtr.6catmn m the nutrient solution 

Khlr ''«■> Malavolta's irork 

ninth .aatl‘tl.°e of 

m ™t no^ut “•"'“Pl'eno mtrogon ty bactona’ 

m Iran The aet^ ‘'zplwmana, a leguminous shrub abundant 

reductase m soibcan'nodul adaptive mtrate 

rhizobiT, but not in nrvl 1 induced the enzyme in cultured 

mtrate id not enter the^TThe' '’'“'r ’ eatcmal 

of mtrate m nodules thill ^ of the adaptu e enzjme and 
h> rluzobia of ammoma sjTithcaizcd 


-lirraet ‘ 

WaTeuaortl, 1M7) b^L'l""”'’ Wakeman, * 

(Cumri acilom) and ahelt'lT^f ^fagopyram cscuUnlum), sorrel 
“neat (rnlicnm eol.rum) (llojse, 1949, 1950), 
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A. General 

The term denitrification 13 appbed to biological decompositions, 
m the soil and elsewhere, in which mtrogen is liberated in gaseous form 
The mam gaseous product is molecular nitrogen, N 2 , nitrous oxide, N^O, 
IS also formed and in some cases mtnc oxide, NO These processes may 
cause considerable losses of mtrogen from the soil In New Zealand 
pasture soils "Walker, Adams, L Orchiston (1956) found that about 
one third of the nitrogen added m fertihzers was lost, ‘almost certainly 
bj denitrification’ Similar losses of mtrogen, estabhshed by methods 
using are reported by MacVicar, Garman, A Wall (1950) and by 
Jones (1051), Arnold (1954) recorded losses of nitrous oxide from the 
soil Do Digar (1934. 1935) found with water logged nco soils m India 
t la .0 to 31 per cent of the nitrogen added in plant residues was lost 
as gas, losses from ammonium sulphate arere 31 to 34 per cent and from 
sodium nitrato 44 to 43 per cent These figures are for soils without any 
tVi'l' 'rop "cre smaller but still substantial 

^isid^mbelossesofmtratofromuaterloggedsoiUmEnglandlLawes, 

ni Leen ^ »«nbnted to production of molecular 

occur in 1 nitrogen from heavdy manured soda thus 

sri7c^ml.u «»>dd.ons In most md-ertdizcd 

amouT'^ 

ihnitnfMnir Bor " i° >> 0 "e'er reduce the aetirity of 

ilenilnfsing species to a comparatively lo» level 

Jiounds duniig°tli'o*d'ccom"°''t"* ^'’r "* nitrogenous corn- 

annual manum, 

losses, sometimes coinnderlble 

noting a rapid decrease of n.im» ^ mtrogen Smith (1867), 

siiggcbtcd thit it ''hero it was formed from 

IWiscttIbiiS) showed that '^'^^^omposed to nitrogen gas 

feu^ar l>oct juice }iy evolved m fermentation of 
jme instead of the of ammonia in tlic 

ixMo.., iig, ISOS, «>mn,<>nly' of nitrate 

slioucil that in tobacco jnico alloued to putnfy the 
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(Allen ail Jsiel, lQo2)is Paeudomonasstui^en (Lehmann et Neumann) 
Iduyier It released mtrate mtrogen largely as gas but used 20 per 
cent m the synthe'^is of orgamc matter Breal (1892) got similar results 
\nth an organism isolated from straw The abihty to reduce nitrate to 
nitntc \va3 shoum to be common among bactena by several early 
workers eg Frankland (1883) and Wanngton (1888) Fewer orgamsms 
reduce nitnte further to mtrogen but they are common m nature 
Another denitrifying bacillus was isolated from horse-dung by Schiro 
kich (1896) similar organisms are widespread in soils and waters, 
including the tea (Baur, 1902,Parlandt 1911, Lloyd, 1931 , Sreemvasan 
&, \ enkataraman, 19o6a 6) 


B Metabolic relations of denitriBcation 

Gajon ADupetit (1882a) Dehcram A,Maquerme (1883), and Munro 
(1S8G) noted the need for fermentable orgamc matter in anaerobic 
dcmtnficalion Giltay L Vberson (1892) and 'Weissenbeig (1897) 
treated dcnitnfication as equivalent to aerobic respiration, the 
of nitrate replacing that of the air m the energy produemg oxidation of 
carbohydrate Dcnitnfication is quite distinct from assimilation of 
nitrogen Somedemtnfjingbactenaareunable (Rusakova & Butkevich, 
1941, Baalsrud L Baalsrud, 10o4) to assimilato mtrogen from mtrate, 
others (Marshall Dishbcrgcr, MacVicar, & Hallmark, 1953) use it 
much less efiicicntly than aounoma Most demtnfymg species seem 
unable to reduce nitrate to the more readily available form of ammoma 
il(^cni MOWS of dcmtnfication emphasize the supply of hydrogen for 
reduction as in the equations 


2\aNO. + lOH = X, + aaOH + 4H,0 
+ OH = 4- 2XaOH + 2H,0 

N,0 + 2H = K, + HjO 


■“ vanet} particularlj organic acids 

clcctron”l^ ^ ° 1 hjdrogen donors (or more correctlj a: 

sucl Tmal ? "I , '■'■“‘nrymg bactena Inorgamc substance 

Z Tl t Bulphur orhtdrogonsulpbid. 

irm^b ‘ c „ " •'T'"" 'n- repbeement o 

aatiSlrc /S -^-'nfieation is cLnLlv a. 

u unreitan, mainU^ bTca^ of 

available to bactina in li ^ m estimating tbo oljgel 

m cultures aerated to varjung degrees Sacks I 



120 


DEVITRIFICATION 


hetcrotrophic dcnitrifiers can grown anaerobically mthout nitrate, 
fermenting glucose to lactic acid, glycerol, and 2,3-butanediol. 

Micrococcus denitrificans, thoroughly studied by ICluyver & 
Verhoeven (19o4a, b), appears to be largely autotrophic, using molecular 
hydrogen instead of organic electron donors in the reduction of nitrate 
to nitrous oxide and molecular nitrogen. It is not, however, completely 
autotrophic, being unable to synthesize certain organic metabolites 
required only in small amounts but essential for its growth. They can be 
supplied by addition of a small amount of yeast autolysate to the 
culture medium. This organism can switch from molecular oxygen to 
nitrate as the basis of its metabolic activities, both added substrates 
and cellular reserve materials being respired equally effectively with 
either source of oxygen. It shows equal versatility in passing from 
hydrogen to organic substrates. The enz 3 rme systems necessary for 
reduction of nitrate and for activation of hydrogen are both adaptive; 
the latter is quite independent of the dehydrogenases acting on organic 
substrates. 

Thiobacillus dcnUrijicans (first isolated by Beijerinck, 1904) is of 
considerable interest through its ability to use elemental sulphur as an 
electron donor in the reduction of nitrate. The overall equation for the 
process may bo ivritten: 


OlCNOj + CS -b 2HjO SNj 4- ZKSOi + 2 H 2 SO 4 + G17 kcal. 
l-ietiko (1912) slioued the species to bo an obligato chemoautotroph, 
unable to metabolize organic substances. It has more recently been 
investigated by Baalsrud 4; Baalsrud (1954), who grew it in a purely 
inorganio medium containing nitrate and thiosulphate. Nitrato can be 
replaced by nitrite, nitrous o.xidc, or nitno oxide, and thiosulphate by 
an phur, hydrogen sulphide, or sodium dithionato (Na.S.O,). Tliio- 
aulphate la also oxidized by molecular oxygen according to the equation: 

XasS.O, + 20, + H,0 -► Na,SO, + H,SO,. 
and “«>1 in oxidations using both nitrato 

rctlatv ““ ™“‘^nI‘^ntion essential for continued 

aciditv of 7* ° which lachs the remarkable resistance to 

oiidaLi,nrln*'° “P*™™ reaction is pH 7. Both in the 

by nitrato a substa nfmospherio oxygen, and in that of sulphur 
ftiHi sulphuric acid "vhcnb-'’'^i**i° ““'P’'“‘^ metabolized appears as 
paral.icly bttle fm, Ted is fo™rf! “ 

»-n.S.O. a- SK.N-0. + U.o aui + =N-a.SO. + 4 K.SO. + H,SO, 
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as suggested, but the evidence for ifc was not entirely conclusive The 
enzynio preparations contained firmly bound cytochrome c 

Several schemes have been put fionvard for the sequence of mter 
mediates in demtnfication The most plausible is probably that of 
Kluyver & Verhoeven (1954a), which may be summarized as follows 


+2H 



+2h: 


NH«OH- 


+2H 


(N0H)2 


+ 

H2O 

► N2 + 2H2O 


Tins scheme meets the condition, usually assumed for biological 
oxido reductions, that changes of oxidation state occur by two electron 
steps It also has the ment of being clear and easily understood It is, 
however, m part lughly hypothetical There is general agreement that 
the first step IS the reduction of mtrate to nitnte The reduction product 
of nilnto IS uncertain, Kluyver & Verhoeven suggest the free radical 
lutrox}! (asKOH) Tlic postulated reactions follow the familiar course 
of hydrogen transfer from a donor via a carrier molecule to an acceptor, 
but the reacting molecules are not firmly identified The hypothetical 
nitroxjl has a most strategic position m the sequence, commandmg two 
altcmativo pathwajs One leads by two more two-electron reductions 
to hj droxjlamine and ammoma, the other, of more immediate interest 
for demtnfication, leads to a dimer (NOHlj which takes up two more 
h> drogen atoms to j leld molecular nitrogen and water The pathway to 
hj droxjlamine and ammoma is blocked m orgamsms (e g Thtobacillus 
demtnjicans) that denitnfj but cannot assimilate mtrate 

V molecule contaimng two mtrogen atoms must be formed in 
passing roni mtrato or nitnlc, with one mtrogen atom per molecule, 
to nitrous oxido and nitrogen gas, with tw o nitrogen atoms per molecule 
Dimeniation of mtroijl is verj planaiblc Several dimers are possible 
int icor, H5pomlrousacid(U.N.O.)isone but may not be an inter 
mc^o a, aueii.pt, to demtnf, it using ftendoiaonn, aerug.nosa and 

uomem la n, t in'''’ The position with its 

l^dre”nar^ , r ^ (Wa^) cla.meTthat P sisl-en 

Thu was not conr^™ Jielding molecular nitrogen 

..drred n.tnun.de'tTunsuJi'^r' ^ 


test as a substrate and suggested 
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of nitrite by ascorbic acid or DPNH is slow at pH 6, but accelerated by 
increasing acidity (Evans &j McAnlifife, 1956) Nitrite is also reduced by 
a denvatne of ^ hjdroxy cinnamic acid (Taborsky, Canimarata, 
Fruton, 1957, Zioudrou L Pruton, 1967, Zioudrou, Meyer, & Frutoii, 
1957), Mhich IS oxidized to the corresponding derivative of hydroxy 
mandehc acid Zioudrou and her co workers suggest that nitnte may 
take part in the biological oxidation of isoeugenol to dehydrodiisoeu 
genol The reaction, u luch occurs readily in utro at pH C, is of mterest 
since tliesc phenylpropene derivatives may be precursors of bgnin 
These or similar reactions may take part in some biological demtri 
fications Quantitative studies of demtnfication by several bacteria 
(Van Olden, 1940, Sacks & Barker, 1952, Allen &, Van Niel, 1952, 
lvluy\er Verhoevcn, 1954a, b) shon that nitrogen equivalent to the 
nitrate or nitnte consumed appears m gaseous products A reaction of 
the Van Sljke tjpo in\olving ammo groups would evolve tuice the 
amount of nitrogen of the ongmal mtrate or nitrite asaki, Matsuba 
jasUi, ilon (1050) found evidence for such a reaction ■with an un 
identified sod bactenum Withp phcnjlenediammeorlactateashjdro 
gen donor it ga>e otF as gas twice the mtrogen suppbed as nitnte A 
reaction Mith ammo groups is plausible here, but seems unusual The 
ammo groups of phenylencdiamine might react with nitnte, but 
endogenous ammo groups must have been mvoK ed m cultures supplied 
with lactate Buchner ^ Rapp (1901) noted that yeast press juice pro 
duced nitrogen gas from added mtntc They attnbuted this to a purely 
chemical reaction between nitnte and ammo acids m the juice 


nittofien Uie metabolism of inorganic 

Wo lino noM consulered tho mam tiansfoimations of inorganic 
m logon ccmpouii^ .aaoood by organisms Tho reactions are mainly 
micmbiologioal Higher plants mluco nitrato to ammonia, their 
and at . doubtful, 
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CHAPTER 6 


ASSIMILATION OF ORGANIC 
NITROGENOUS COMPOUNDS 


A. Urea and Urcides 

Urea waa probably the first organic compound to be studied as a 
source of nitrogen for lugher plants; it is also the main organic sub- 
stance applied individually in present agricultural practice as a nitro- 
genous manure, though dung and other organic fertilizers contain 
various nitrogenous compounds. Cameron (1858) recorded in a brief 
abstract elaborate experiments on assimilation of urea by barley 
growing in soils and atmospheres freed from nitrogenous compounds. 
Ho concluded that urea, absorbed without conversion to ammonia, was 
an ciTcctiv'o source of nitrogen. Similar results were reported by Villc 
(18Q2, 1803) and by Hampo (18G5, 1808), These early studies did not 
exclude the possibility of bacterial transformation of urea before entry 
into the plant. Lutz (1898) and Hansteen (1809) showed that plants in 
sterile culture also absorbed urea. Hansteen (1897) found that the 
minute aquatic angiosperm Lemna used urea, asparagine, or ammonia, 
but not nitrate, for protein synthesb in the dark. Yamaguchi (1930) 
and lanaka (1931) showed by microchemical tests \vith xanthydrol 
that mSisynncAium hermvdianum, Brassica chinensis, Plantago major, 
and Zca mays urea entered the roots unchanged. 

Rapid uptake of urea, usually followed by good growth in plants 
using It as the sole source of nitrogen, was reported by Suzuki (1897) 
(bccdlmga of wheat and Lupinus luleiu; detached shoots of potato and 

(1890) (oate and barley), 
MrenoWora). Hutchinson & Hiller (1012) 
uTlioiour ■ * Nelson (1931) (tobacco), 

(nelr,k,J Compositao), Rcifcr & Itclvillo (1010) 

l%oS;r‘‘p of peas (Goas, 

»ul of “-a as the sole 

it is aUo as wUU tb“s absorb urea through the roots; 

1-: iCMio^rrc" 'tV" "‘r 

IrunU of apple trees e<>«* “tiliration of urea injected into 
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unavailable for radisb seedlings fllolliard, 19096) Lutz (1898) reported 
toxicitj for all 3 lamjne, benzjlamine, diphenylamine, aniline, naphthy 
lamine, pyndine, pipendine, and several alkaloids (atropine, caffeine, 
cocaine, morphine, quinine) Caffeine and theobromine ^vere also toxic 
to radish seedlings CMolhard, 1911a) The algae Ulollmx suUilis and 
Spirogyra crassa obtained mtrogen from atropine and morphine, but 
not from qmnme or stiychnine (Comere, 1910) Virtanen & Schwyzer 
(1951) shoi\ed that peas in sterile culture assimilated dimethylannne, 
tnmethj lamine, ethjlanune, propylamine, and isopropylamme, the 
greatest uptake ^va3 wth etliylamine 


C Amino-ncids 

Se\ eral ammo acids are effective sources of mtrogen for some green 
plants in sterile and other cultures Species differ considerably in their 
ability to use individual ammo acids Wolf (1808) found that rye grew 
well m water culture mth tyTosine as the sole source of mtrogen 
Wagner (1809), Schremet Reed (1908), and iloUiard (1909a, 1910) 
showed that the nitrogen of glycine was available for various higher 
plants, as found for wheat m stcnle culture by Xe^vton (1057), alamno 
w as also used by several species though it w as toxic to radish seedlings 
(SloUiard, 1909a) For most species neither glycme nor alamne equalled 
nitrate as a source of nitrogen Schreiner i, Skinner (1912) reported that 
arginmc, histidine, ercatme, or creatimnc could replace mtrate forw heat 
8 mgs, they considered creatine a normal constituent of soils It 
occurs in animal tissues and unnes, and may reach the sod from tins 
source A sod bactenum (Pseudo, tumas otaJis) breaks down creatine to 
sarcosine and urea ( Ipplejanl S, Woods 19S0) 

Ghosh & Bums (I9o0) found alanine, asparagine, histidine, and 
phcnjla anine better single sources of nitrogen for cloter (Tr,/oUuu, 
f roleuse) than either ammonium salts or mtrates, several other ammo 

JufaLir a? ,"'™ -moninni. but only 

D^rliom a 'It ““ Ko'o-v! Ukhma. 

bj inaire 17 ’ ^ studied the utilization of amino acida 

cLLre anuuus) in stenle 

entree X; “ 

Alanino and Kmnn , ough inferior to inorgamc nitrogen 

tivo«ncirJubitc4gTowU.^"r(^^^J^ ^ phenylalanine and 

C‘* waa taken un n« the carboxyl group with 

« taken up as the lutact molecule Carbon fram laioS gljcine 
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and to interactions between individual compounds Brown (1906) 
found aspangmo the best of several nitrogen sources for isolated 
barley embryos It alone produced growth of the root system, groirth 
of the shoot occurred also with ammonium sulphate, aspartic acid, 
glutamic acid, and potassium nitrate Leucme, phenylalanine, and 
tyrosine mlubited growth Moio recent workers have confirmed the 
itilubitory efi”ect of single ammo acids, e g Spoerl (1948) with orchid 
embrjos, and Stokes (1953) m embryos of Heracleum sphondyhum 
In each case argimno was the only ammo acid givmg good growth as 
the solo source of mtrogen Rijven (1055, 1956) found the glutamine 
supply to control growth of isolated embryos of Capsella bursa paslorts, 
they grow, but only slowly, when glutamme was replaced by a misture 
of seventeen other ammo acids Glutamic acid was not a good source of 


mtrogen Asparagmc inhibited growth, possibly by competition wnth 
glutamine, except at low concentrations (10 mg/l or below) Asparagine 
at somewhat higher concentrations also mlubited young embryos of 
Araiwiopais thaUana and of Beseda odorata Asparagine at 400 mg/l 
stimulated growth m embryos of all other species tested {Alhum cepa, 
AnagalUs aricjwi^, Chenopodium album, Clcome viscosa, Datura stra 
mon\wn, Hordeutn, saUtum, Mtdtcago orhtcularts, M tnbuloides, and 
Swjmhrium oneiUaU Embryos of aU these species, however, grew 
better w ith glutamme than w ith asparagme, even though they used both 
amides Glutamme is more effective than asparagme as a precursor for 
protem synthesis m older secdUngs Kretovich &, Yevstigneyeva (1953) 
inmtratcd solutions of both amides into mtrogen starved wheat 
seedlings (10 dajs old) and observed distinctly greater formation of 
pro cm wit 1 glutamine than with asparagme Ammonium glutamate 
iL'partate favourable to protem synthesis tlian ammonium 


om", " tie- Bourca of mtrogan 

acr r “ “T? “-“-t of tl-ose ammo 
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The antibiotic gnseofulvin, produced m the soil by several mould 
fungi, IS another fairly large organic molecule absorbed by plant roots 
It IS tahenup by roots of lettuce {Laeluca aahia) and translocated to the 
leaves, from •which it is excreted in ■watery exudations (Bnan, Wnght, 
Stubbs, L Way, 19 j 1) Krasilnikov (1951) showed that clover, maize, 
pea, and wheat plants took up aureomycm, streptomycin, and pemcdlm 
through the roots, the antibiotics were detected in stems and leaves 
Aureomycm is also absorbed by roots of Phaseolxia lunatus (Blanchard & 
Diller, 1951) Many soils, especially those rich m orgamc matter, must 
contam metabohtes of micro organisms m considerable variety, though 
normally m very low concentrations Kolosov L Ukhma (1954) reported 
that m the roots of maize plants grown m stenie culture, synthesis of 
amino-acids, particularly alamne, glutamic acid, and serme, was 
stimulated by metabobc products of soil micro-organisms The material 
added contained only traces of ammo acids In this work, as in various 
other studies, e g Kursanov, Tuyeva, L Vereshchagm (1954), Kursanov 
(1935), Turchm, Gmnmskaya, L Plyshevskaya (1955), Yemm A Willis 
(1050), tho roots were a major site of ammo acid synthesis 

Free ammo acids in the sod could arise by the breakdown of protein 
containing organic residues Numerous species, mostly legumes, are 
known to excrete small amounts of ammo acids through the roots 
(Handler, 1951, Frank, 1954, Butler & Bathurst, 1956, Dehay L Care, 
1957, 1958. Rovira. 1950. 1959) Katznelson, Rouatt, & Payne (194o) 
showed with scedlmga of several species that drymg and subsequent 
raoistcmng of the roots markedly mcreased excretion of ammo acids 
Even if ammo acids are contmuously excreted, they are more likely to 
be ab^iorbed by micro-organisms or by plant roots than to accumulate 


Pastures present a special case where orgamc mtrogenous compounds 
reach the soil m comparativclj large amounts Grazmg animals return 
to the B0.1 ui. u, oOO lb otgomc X/aerc/jeor (500 kg oigamo X/ha/j ear) 

oalt : r’ ^"''■‘‘'fofthu.surea.thcTsaroalLaV 

XttTr bemg aasmulated by some 

1 ■“ m "mail amounts 

urruTu’f ^ "■•'^Senous compounds m 

aur,rt.Xim vegetation tho scattered 

btdo3^ r'°“ ““■“""'Is rn aruial eacreta maj hare 

much .nlurb.t «raas: rUut^uTtfrf’''““ P'jrcno^ (Chrek. 1003), 
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ThavinoiiVia montana (Rutaceae), Prosopis jultjlora (Leguminosae), 
Sarcobalus teriniculatus (Chenopodiaceae), and Viguiera reticulata 
(Compo'^itae) Later ^\ork (MuUer, 1953, iluUer iluUer, 1956) 
confirmed the presence of water soluble toxins in Encelta fannosa and 
in Thamnosma montana, mhibiting m laboratory tnals the growth of 
smaller plants frequently found under desert shrubs, e g Cryptantha 
micrantha (Boragmaceae), Chaenactis fremontn (Compositae), and 
2Ialacothnxcahfornica\aT jlatro/a (Compositae) Extracts of J^ran^eno 
dumosa (Compositae), a shrub consistently sheltermg numerous smaller 
plants, were, however still more toxic than those of Encelta fannosa 
The toxins, though effective mhibitorb m laboratory tests, seem not to 
affect sccdUogs in field conditions They may be destroyed m the sod 
b> micro-organisms, adsorbed to sod colloids, or leached from the 
surface lasers of the sod by the heavy ram that usually precedes the 
germination of d<^rt annuals 


Deleud (1950, I951a) noted the almost complete absence of annuals 
in heathy associations containmg Erica muUijiora, Hehatiihenium 
larandidaefohuni, and Rosmarinus officinalis Sod from such areas and 
its aqueous extract were toxic to seedlings of annuals, sod extracted 
with water was not toxic Similar effects were recorded for Helian 


ihemum nummularium (BoumCnas, 19o9) ilost annual legumes were 
sensitive to the toxin, but a few species, e g Ervum gracile, Htppocrepis 
cihata, and U unmUqwsa, were resistant (Deleuil, 19516) The-e 
si>ccics were well nodulated and cxtracU of their nodules appeared to 
protect fccnsitn c species against the toxin The herb Hteracium pxlosdla 
unde sod toxic to seedlings of Lathynis aphaca, Raphanus saliius. and 
other sptcics (Becker, Guyot, Massenot, ilontegut, 1950) Sod m 
which It had pown was toxic to its own seedlings (Becker, Gujot 
onlcgut 19 j 1) Campbell (1959) found m roots and other organs of 
clioii molher (a aancty of Brcm,m oJeracea) a substance strongly 
inl.ib.ting tbo gcmnnat.ou of clover {Tn/ohtim rtptm) It had no effect 
on the gtmj.nat.on of species of ioi,„„. but markedly reduced tbo 
bionth of their roots Guyot (1959) concluded from a study of JU 
IZV'r <»>rrelotion betu-ecn the 

rhttoto I ■“ cl'nunat.ou of 

cula^ru /W/cloms/oclidus (Ranuu 

tion of completely inhibited genmna 

rfuforL'iSrrJ't ““ Bolublo'^orBauic substances 

uioful or harmful to ludii idual plant speaos These subkuccs probably 
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Skodvm, 1948, Fisher L Cook, 1950, Fisher, 1952, Rodney, 1952), 
it w as also shown that urea enters the leaf through the cuticle as well 
as via the stomata Reeves (1954) showed that wheat used nitrogen 
supphed m urea sprays for protein synthesis Potato, celery {Apium 
graicolens), tomato, cucumber, maize, coffee, cocoa {Tkeobrojna cacao), 
and banana absorb urea rapidly through the leaves (Hinsvark, 

Wittner, Tukcy, 1953, Cam, 1956, Malavolta, Arzolla & Haag, 
1957, Freiberg A Payne, 1957) In several species the absorbed urea 
appears to be hjdrolysed by urease in mature leaves In banana, 
ho\s ei or, urease occurs only in actively growmg tissues, to which urea 
is translocated before hydrolysis (Freiberg &, Payne, 1957) Inorgamc 
compounds of nitrogen are generally less smtable than urea for 
fohar application since they tend to damage the leaves Petinov 
Pa\lov (1955), however, increased the protein content of wheat gram 
by spraying the plants at the milk npe stage with a 3 per cent solution 
of aramomum nitrate 


H. Absorption of Nitrogenous substances by the Leaves of 
Carnivorous Plants 

The specialized organa by which carnivorous plants trap and digest 
insects and other small animals are modified leaves, with the possible 
exception of tlio bladder traps of Utrxcularia Their morphological 
spcciahzation is accompamed by unusual metabohe features, parti* 
culorly m relation to the uptake of complex mtrogenous substances 
The metabolic importance of an extra supply of mtrogen to carni- 
vorous plants has long been rccogmzed Burnett (1829) wrote of the 
pitchers of 5arraccma ‘ The water in these receptacles, impregnated by 
the half decomposing animal matter, doubtless affords a highly nutntiv o 
and m\ igorating diet to the plant, for it is w cli known that the drauungs 
of dunghills give a powerful stimulus to vegetables, as the rainwater 
that percolates there through dissolves and cames with it, in solution, 
much of the nutritious and more subtle ingredients of manure, and as 
the food of plants is chieflj , if not wholly, absorbed in a fluid state, the 
more soluble manures are ever the best conducive to their growth Nor 
must the nitrogen thus afforded to the prehensile plants bo overlooked 
i 10 account, when wo know how potent an excitant ammonia is to 

of ItZ , dt!'* ottenfon to tho observation 

o I u„,,h,uM17t-) tint although most smaU annuals trapped .n the 

« 'I-nt ■•even tins s.mple d,g4t.vo apparatus 

n. not from mtcstmal norms” Tins "sqmia" must shari the re- 
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cularis, the pitcher plant of Western Australia, a tasonomically 
isolated species %\hich constitutes the family Cephalotaceae; he con- 
sidered that hactena T^ere also important in digestion. Morren (1875a) 
held bactena responsible for digestion in Pinguicula vulgaris, but 
Demby (1917) found a proteolytic enzyme in leaves of this species. 
Reports on UlricvlariaQXQ also contradictory. Adova (1924) considered 
digesion in the bladders to be enzymatic; Kiesel (1924a) stated that it 
was bactenal. 
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Common name 
GIj cine 

Alnnmo 

Valine 

Leucine 

iBolcuono 

Scnno 

Tlirconino 


Table 4 

Amino-acids regularly found in protein 


Chemical name and struciure 


a Aminoacetio acid 

NHjCHjCOOH 

a Aminoproptomc acid 
CH, 

NH 1 CH.COOH 

a ^\ininoiaoralenc acid 
CH, CH, 

CH 




.COOH 

a Azmnotsocaptoic acid 
CH, CH. 

\/ 

CH 

I 

CH, 

N'H.CH COOH 


* Anuno mctbyKalenc 
acid 

CH, C,H, 

\/ 

CH 

NH,CH COOH 


Beferencea for isolation 
and recognition as 
protein constituents 

Braconnot (1820) 


Schutzenberger & 
Bourgeois (1875), IVeyl 
(1888), (synthesized by 

Strecher, 1850) 


Gomp Besanez (1856), 
Schutzenberger (1879), 
Fischer (19066) 


Proust (1819), 
Braconnot (1820) 


Ehrhch (1904) 


^^^niino ^ hjdroxypropionic 
CH,OH 
COOH 

^Amino ^ bjdfoiybuljuc 
ai, 
liJroii 

''H^I COOH 


Cramer (1865) 


iIcCoj, Mejer, A Bose 
(1985) 
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Common name 
Hydroxj"proliii 0 


^\£parlic actd 


<VsparQgin<3 


Glutamic acid 


Glutamiao 




TiBLE 4 {fJonlinued) 

Amino acids regidarly found in protein 


Chemical name and structure 


4 H} droxj'pyiTolidme 2 
corlwxylic acid 
HOHC CH, 

1 I 

HjC CELCOOH 
NH 

X Azmnosuccimc acid 

COOH 




I 

KHjCH COOH 

P .lUcude of aspartic acid 
CONH» 

is, 

NHils COOH 

a Aminoglutanc acid 

COOH 

I 

CH, 

iu, 

! 

NHjCHCOOH 

y Amide of glutamic acid 

COMI, 

is, 

CH, 


MI, is 


COOH 

«f « Huunmocaproic acid 
CH,— ClI,— CH,— 

CH, 

mi,1:h.cooh 


Befercncea for tsolaiton 
and recognition as 
protein constituents 

Fischer (1902a) 


Phsson (1827), 
Pasteur (1852), 
Ritthausen (ISCS) 


BelaviUe (1802), 
Vauquelin 4- Robiquet 
(1806), 

Bomi^aran (1932) 


Rittliausea (1866), 
Scheibicr (18696). 
Gorup Besanez (1877) 


Schulze A Borbicn 
(1877), 

Homodartm, JoabocK, £ 


Chibnall (1932) 


Drcschel (1889) 
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term IS unnecessary and misleading, several ammo acids of the d senes 
having been isolated from natural products d glutamic acid has been 
reported (KOgl &. Erxleben, 1939) m the proteins of a nim al tumours 
This claim has led to much controversy, as small amounts of d glutamic 
acid can anse from the l acid by racemization durmg acid hydrolysis, 
but the possibility that n amino acids are present in some proteins 
cannot yet be excluded Their production by micro orgamsms is tv ell 
established Bacillus anthracts forms polypeptides of molecular w eights 
up to 50,000 TV hich on hydrolysis yield only d glutamic acid (Bruckner L 
Ivanovics, 1937), the ammo acid residues are lin ke d mainly through 
y glutamyl bonds (Bruckner, Kovacs, «fc Denes, 1953) Various n 
ammo acids occur m antibiotics, e g n pbenylalamne ui granucidm S 
(Synge, 19466), n-dimetbylcysteme in pemcilhn (Anonymous, 1945), 
D ornithine, n phenylalanine, and d glutamic acid in bacitracin A 
(Craig. Hausmann, & Weisiger, 1964, Lockhart & Abraham, 1954) 
D prohne la a constituent of ergot alkaloids (Smith & Timmis, 1937) 
Spores of Bacillus incgaihtnum contain a peptide formed from d alanine, 
D glutamic acid, and several other ammo acids (Strange & Thome, 
57) lutti (1880) isolated 100 g of D asparagine from 20 kg of crude 
asparagine, the product of 0,500 kg of vetch seedhnes The d amide, 
like D ammo acids, had a sweet taste 


D ammo acids, though much less important than the l isomers, 
^i°° nictabolic significance m micro orgamsms at least 
^ vanous mammals contam an oxidase attacking 

nlav^mn™**!+ ^ isomers d ammo acids may thus 

(Ertum metabolism also The growth of lentil seedlings 

(Nlcolk. r inhibited by Its D isomer 

inicolle, Cosle Sodignt, * Diot, 1959) 


B. Amino-acids found regularly in Protein 

Most oT.bl“ f-nd protein ore shoivn in Tnble 4 

ejsUine rubno , °"°““'"°“'>''°«>rbo-tybo ncids, gljcine, niniiine, 
pien hian “rt™"'‘"°; methionine. 

two, though octuallyim’in^nT''''"' ’'y'^roxyprolmo The last 

acids Other BDccial frit, “re always considered mth the ammo 

threonine, the metheltliir^* " r ’'^'’r°r'y* groups of senne and 
phenjUiLinine and t>ro.,„e thcT^l'7T°' 

V*particanaclutimiPn.v » ® >"doljl structure of tryptophan 

Thciranude3.asiLEm 

1 g nc and giutanune. arc incorporated independently 
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tbjro-nne and 3 5 3' tniodothyromne (Eoche & Jouan, 1956) lodoty 
rosines maj occur also in proteins of marine algae Golenkui (1S94) 
noted that the red alga Bonmmaisonia asparagoxdes contamed orgam 
cally bound iodine Eoche Lafon (1949) found dnodotyrosine m 
iflwniana^exjcui/h^.Mhich Eoche &Yagi(19o2) showed to incorporate 
radioactu e iodide (P®^) into mono and diiodot^Tosmes Sinul*ir 
results Here obtamed with another bniwn alga {Nereocyslxs luttleana) 
by Tong & Chaikoff (19oo) and by Scott (19o4) with green, brown, and 
red algae {Dlta lacluca, Laminana digitata, and Bhodymenia pahnaio) 
Coulson (19556) tentatively identified thyroxme, thyronine, and 
3,5 diiodothjromne by chromatography m the last named species 
Tlie red alga Polysiphcnia fastigiata contains piastigh ^ Augier, 1949) 
a dibromohydrotj benzoic acid which may be a metabohte of dibromo 
tyrosme 


Fo-nden (lOoOi) demonstrated synthesis of iodine containing 
ammo acids by higher plants He detected 3,5-duodotyTOsme, 3,5 
diiodothj romne, and 3 5 3' tniodothyromne m salt marsh plonU [Asicr 
Iripohum and Salicorma perenms) supphed mth labelled iodide Barley 
(//ordcum setiium) and tho bean Ptecolus ira/yon, also incorporated 
labcUed lodido into 3 S-duodotyrosme Yeast [Saccharomyca cemism) 
aocs not normaUy contam lodoamino acids, but if supphed mth 
3 5 diiodotjrosmo incorporates it mto protem (Habermann, 1933 ) 
nm"l “r°-A'“*r cMormo or fluorme are unknown as natural 

products 1110 former may weU east chloromycetm (chloramphcmcol) 
a Slrrptayccs antibiotic, being a denvativo of a cblormated nitro 
LaoJ^"™ ^ “'T ““'“'"“6 fluoracctie acid, eg DichapdaUm 
nZZ o r; “• 4- Slmger, 1934) and Jeuem 

lluo^ne c n?^ 1=01) -would bo likely sources of 

lluonnc contaimng ammo acids ^ 

(A-mn” Dr-r"°, ammal ongm 

uSiro:.Ii::^:U%“ Kennedy ^ smith tOat, 

c,i4 >olk all tho 19 o 6) m the protein phosMtin from 

(Mccliam i, OlcoU “loWtrilTar 

/ liic *imino Qcid sequence 


a»partic ac,d-phosphosenno_glj emo- 
Ilamlimaif'^^rin” “nd tiypsm (Schaffer Smut 

( Viiditsoii i, Joii phosphogluconiutase 

TOiifunin. tug ,„ , 1' , ““"‘1 A. Erwin I9j7) Sequences 

O to SIX and possibly more succcss.io msidues of pbos 
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Recently discovered protein aimno*acids are few and of restricted 
distribution. New non-protein amino-acids have in contrast been found 
in largo numbers. Some are known only from one or a few species; 
others apparently are generally distributed. Paper chromatography 
has detected numerous previously unsuspected amino-acids in plant 
extracts. Some of these have been isolated and identified, but many 
that appear distinct from known compounds still await identification. 
Po^\den & Steward (1057a) reported 63 unidentified ninhydrin-reacting 
substances in species of Lihaceae. The restricted known distribution of 
many amino-acids, together wtU the comparatively few species 
examined, suggest that the total number of amino-acids formed by 
plants may be very large. Amino-acids recently recognized as natural 
products, or of limited known distribution, will now be considered in 
groups based on their chemical structure. 


D. Non-a-Amino-acids 

Soveml bacteria decarbo^cylato glutamic acid to yaminobutyrio acid 
(Abdorhaldcn, Fromme, & Hirsch. 1913) and aspartic acid to ;8-alamno 
(AckenMun, 1911); both arc now recognized as constituents of higher 
plan^. Dent, Stepka, 4: Steward (1947) detected y-aminobutyrio acid 
by cliromatography; it was isolaUd later from beetroot (Westall, 1950), 
if “"'i (Thompson, 

inwS„ , distributed, occurring in 

molt n ^ ^ fungi, and bacteria, often as one of the 

most pronunent free amino-acids. Its betaine occurs in the fungus 

of Erysimum rupestre 
h^rrfvIL “ Slucoside yielding on 

acM y-am.uabut^c acid. An isomer of y-aminobutyrio 

product of the n formed in mammals as a breakdown 

Ctoe Henderson, & Fink, 1952; 

byCruranle'r Dent^^”’ ' found in human urine 

life ^ 

ItTo^eiTo (1059) Solatia by Aaco, Thompson, Morris, & 

plant constituent, but occurs in 

detected. “'“f "-'-1 “"““t 

(Stewani-Tliompson S^rSio 'TT 

fruits of apple (Pur ,. . t ’ , * Hendricks, 1 05 1 ); in leaves and 

Wle (Pyn« ™ia.) j, .irthington. 1960; McKco & 
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acid, which occurs in this plant Some bactena decarboxylate y 
hydrosyglutamic acid, a known plant constituent, to y ammo a 
hj droxybutync acid (Virtanen & Hietala, 19556) The decarboxylation 
product IS not Imoivn in higher plants Its isomer y ammo j3 hydroxy 
butync acid occurs free in brains of man and other mammals (Ohara, 
Sano, Koizumi, Nishinunia, 1959), it is produced also by bacterial 
decarboxj lation of p hydroxyglutamic acid (Umbreit & Heneage, 
1953) 

Crown gall tissue of Hehantkus tvherosus, Ntcotiana iabacum, 
Parlhcnocissus tnciispidata, and Scorzoneta Jnspanica contains (Lioret, 
1957a, 6) largo amounts of lysopine, an ammo acid absent from normal 
tissues Its structure (Biemann, Lioret, AssehneaUjLederer, & Polonsky, 
19G0a, b) 13 


H,N— CHj— CHj— CH,— CHj— OH— COOH 

I 

NH 

I 

CH,— CH— COOH 

Ljsopino 13 tho lyamo analogue of octopine, found in octopus muscle 
but not recorded in plants 

Cystcic acid, formed by oaidation of cysteme, differs from aspartic 
acid only m tho replacement of one carboxyl group by a sulphomo acid 
1 P°“P decarboxylation it yields taurine, which occurs m 
10531 ml ^ 7 ° “''■bilicaha and Ftilola pecimata (Lmdberg, 

aircol“^"n7^'“ <’^'’""6 The first two algae 

ccrl,faj„,£,„a (SLbcrg™955,'^^7‘''^‘Vr““ “ ^"'"‘ 7 ’'' 

“i: ""5 

rSobreikr lOTotinrmo, is an ammal 

The enzvmes but seems unknown m plants 

haimg^tffecTo ^‘‘d.sh and canot roots 

ling effect on cjsle.c acid (Worlo S, Brunmghans, 1031) 

E- T'-Dcrliathes of Gfutamic acid 
Dono A a 

/mclhjli,u„lutammofrom th'*””*”* V ractliylcncglutanno acid and 
ficalions bung confmned In hypo^am), tho idcnti 

(^\alles Wlnijim r v companson mth s^ntlictio material 

^ ^ *0-^) Both tlio acid and tho amide 
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COOH 

i:KOH 

u 

1 

CHNH, 

^OOH 

y-Hydroxygluumic 

acid 


COOH 

CONH(C,H,) 

CONH CH, CH.CN 

CHOH 

CH, 

CH. 

^HOH 

1 

CH, 

U 

(Iknh, 

dnNH, 

diHNH, 

dooH 

COOH 

dooH 

^.ydihydroxy- 

Theanine 

^-(y-L-GIutamyl)- 

Sluumic acid 

Fio. 

5. 

aminopropionitnle 


F. Other Dicarboxylic Amino>acids 

a,e-Diatmnopimelic acid has been isolated from acid hydrolysates 
of Corynebaderium diphtheriae (Work, 1050), Mycobacterium tuberculosis 
(iVssclineau & Lederer, 1950), and Vibrio cliolerae (Blass, Le Comte, & 
ilacheboeuf, 1951). It appears to be fairly ^videspread among micro- 
organisms, including blue-green algae (Work & Dewey, 1953) and the 
unicellular green alga Chloreltaellipsoidea (Fujiwara & Akabori, lOS-l)" 
It IS not known from liigher plants. Its j3-hydiosy derivative occurs 
m the toxin (tabtoximne) produced by Pseudomonas tabaci (Woolley, 
Schaffncr, & Braun, 1952). The fern AspUnium septentrionah contains 
^•aauuoadipic acid (Virtanen & Berg, 1054), and yhydrosy-a -aminO' 
pimelio acid and its lactone (Virtanen, XJksila & Matikkala, 1054). 
Fowdon (lOdSc) found i-aminoadipio acid in the grasses Brachypodium 
ayhalicum, Bromua carimlia, Daclylis glomerala, Fesluca Mtnphylla, 
Uordeum vulgare, ielium peretme, Poa alpina, P. glauca, P. nemoraUs, 
and P. praUnsle. These dicarboxylic amino-acids are shown in Fig. 0. 
There IS evidence (Gilvarg, 1967) that in Escherichia coli diaminopimelic 
acid IS synthesized via ff-succinyldiaminopimeUB acid, which prohably 
arises pimland k Soda, 1359) by the condensation of one molecule 
each of aspartic acid, pyruvic acid, and succinic acid. 


COOH 

inoH 

iHNH. 

^OOH 


^Hydroxyixpirtic 

acid 


COOH 

iH. 

in, 

in. 

^NNH. 

^OOH 


COOH 

iH. 

I 

CH, 

1^, 

^OH 

■•Amlnoplmelic 

acid 


^NH, 

iH. 

U 

u 

toOH 

(•Diaminopimelic 

acid 


Fio. 6. 


ceuu«u“!Jl'J^L^‘'^' g'ltamio acid, few new 

Virtanen & Sans (1957v^« *“Sher plants. 

> recorded P-hydroiyaspartic acid (see Fig. C) 
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y, 1952). Hygric acid (A^-metliylprolme) occurs in alkaloids of 
Solanaceae (Willstatter, 1900), of ErylhroxyXon coca (Woliler, 
md of Contolwlus hamadat (Lazurevski, 1939). 2^-01611171-4- 
yproline is knoim from Croion gvbouga (Euphorbiaceae) 
ju &Clewer, i919).Nitta, Watase, &Tomiie(1958) isolated from 
I alga Digenea simplex a dicarboxylic p37rrolidine derivative 
they named kainio acid and characterized as 2-carboxyl-3- 
ymethyl-4-isopropenylpyrroUdine. Fig. 7 shovrs the structures 
0 naturally occturing pyrrolidines. 


\ 

H,C CM. HO— C CH, 

1 1 .1 1 


H,C CH.COOH 

\h 

H,C ^CH.COOH 

NH 

Pfoline 

4-H)rdrex)rprolins 

(yHydroJ^preline) 



"0 c CH. 

“1 l"' 

H,C CH COOH 

^NM 

4-H]rdraxy-4-m«ihyIprollr« 

I \ 

MjC CH.COOH 

CH, 

K-in«h)r5prollne 



a/ 1 1 

MjC,^ COOH 


NH 


Kalnle acid 

Fjq. 7. 

.utitliiazic acid (Fig. 8), an antibiotic formed by Aclinomi/ces 
Jinicc. la an imino acid containing a thiaiole ring (Schenk & Do 
sc, lOSd). 

Siin[.lo liitwridino carboijUc aada occur in the betel nut (sceda of 
1 I>.ilni Arica catechu) These componnda. guvacinc (.1,4 dcbjdro- 
icndme 1-catboxjbc acid) (Jabns, 1801, Ftcudenberg, 1918 ) and 
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H Other Cyclic Ammo-acids 

Azetidine 2 carboxylic acid, a lower homologue ofproline contaimng 
a ring of three carbon atoms and one nitrogen atom, was first isolated 
from Contdlana majalia (Towden, 1955a, 1956) and Polygonalum 
oJJicDiale (Virtanen lanLo, 1955a) It occurs m about 20 species of 
Lihaceae out of 89 tested by Fowden &, Steward (1957a), its known 
distribution is restncted to Lihaceae (including Agaie and related 
genera, sometimes separated as a distinct family) and Amarylhdaceae 
The only other natural product reported to contam the azetidme nng 
13 the actmomycete antibiotic nocardamine (Fig 9) (Stoll, Renz, & 


I ! 

OC CH, — CH, CO 

Noordamtne 
Fig 9 

Brack, 1051) A related compound 4 keto azetidrne 2 carboxyko acid, 
was stated to be formed by heating asparagme for 24 hours at 100°C m 
phosphato buffer of pH 0 7 (TaUey, F.tzpatnek, & Porter, 1050) These 
au ors, houover, reported later (TaUey el al , 1050) that their com 
Vanoarr * 1 ^ fomatamic acid, first synthesized by Gness (1870) 
compounds have been assigned structures containing 

otlt^ 'u'r ^"8' Clark Lewis, A Morgan, 1051) 
Gohi^lo ^ 1880, ^audinger, 

dioncs ^’a , “111 111*' eynthetic compounds are azetidme 2,4 

uSma rsr“ S K-’ 

Kutsehma iii, Sehre.er, Steiner, Suess, A Vogel, lOoO) 

carWhe^" TrTf “““I azetidme 2 

“ d In > Aminoeyelopropane 1 earbovyhe 

m Zr«bel iVe ° (Bu-oughs, 1057) and 

IS bhouii m Iig 10 \notl,„, „ “'“I®’ 

propane nng occurs m ‘I'® ^ tnembered cycio 

Hassal, Rcjle, i, Pen- (mjl nllar fcom whoso seeds 

'‘Sl’Oo'jeins A and B hec “““ compounds named 

Icicls MUkmsou dossil r 7 “t^ltcdjy reduced blood sugar 
Ukmsou (19oS5) ideutdied hypogljem A as ^ (methylete 
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H Other Cyclic Amino-acids 

Azetidme 2 carboxylic acid, a lower homologue of proline containing 
a ling of three carbon atoms and one nitrogen atom, was first isolated 
from Coniallaria, inajalis (Fowden, 1955a, 1956) and Polygojiatum 
officinale (Virtanen & lanLo, 1955a) It occurs m about 20 species of 
Lihaceae out of 89 tested by Fowden Su Steward (1957o), its known 
distribution is restricted to Liliaceac (mcludmg Agate and related 
genera, sometimes separated as a distinct family) and AmaryUidaceae 
The only other natural product reported to contain the azetidme rmg 
IS the actmomycete antibiotic nocardanune (Fig 9) (Stoll, Renz, & 


Nocardam ne 
Fia 9 

Brack. lOSl) A related compound, 4-keto azetidme 2 carbosylio acid, 
waa stated to be formed by beating asparagme for 24 hours at 100°O m 
pbosphato buffer of pH 0 7 (TaUey, Fitzpatnck, & Porter. 10S6) These 
au hors, hoivetcr, mported later (Talley ci al . 1950) that their com 
pound was in fact fumaramio acid, fimt synthesized by Gness (1879) 
imous synthetic compounds have been assigned structures containing 
■J. proposed structures are incorrect 

it othc r Clark Lewm, A Morgan, 1951) 

Golmt 1889. Staudmger, 

Slots "■ ‘^““pounds are azetidme 2,4 

ulchlt ^S?™ ? (EbnbU*-. Jucker, Eissi. 

ttutschmann, Schrcicr. Steiner. Sucss, S, Vogel, lOoO) 

carWvhcZr 'iT^T? ""S azetidme 2 

acid, an ammo acid' ^ 1 Ammocyclopropane 1 carboxyhc 

nilroccn atom in 'T' “ "“8 “1 *1™® carbon atoms with the 

mte“ (Bumiughs, 1957) and 

Its stmctureT,i'i°n'"‘‘“’? (Vabatalo S, Virtanen, 1957) 

IS shown m Fig °lo Anothe ““i”® 

piopaiio ring occurs in BUnh ^ “®“bcred cyclo- 

Uassal, Itcilc A hen /lorTi***^**^** 11®*“ 

l>>I»i,;c.it A tnd n ’ I®***® ®®'“P®®“ds named 

W. “dutn I**'! reducS blood sugar 

Mdkinson (lOoSi) idcntdicd hypoglycin A as ? (mcthilcL 
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acid not known elsewhere In Neurospora crassa (Melville, Eich, & 
Ludsng, 1957) and m Claticeps purpurea (Heath & Wildy, 1957) 
crgothioneme is synthesized from histidine, not from. 2 thiolhistidme 
JN’’eurospora uses sulphur from sulphate thiosulphate, cysteine, or 
methiomne in the synthesis of ergothioneine Crgothioneme occurs m 
association with hercymne (the betame of histidme) m erythrocytes of 
cattle seminal fluid of the boar, the fungus Coprinus cojnaius, and the 
king crab Limulua polyphemua (Ackermann, List, & ilenssen, 1959) 
Herejmne, recorded m Limulus by Ackermann A. List (1958), is 
otherivise knoun only from higher fungi (Reuter, 1912, List, 1958) 
Ackermann and lus associates suggest the foUoivmg biosynthetic 
sequence 

histidine -> hercymne -> ergothioneme 
^ Dimcthylpropiothetm, found m the red alga Polysiphonta fastigiaia 
(Haas A Russel Wells, 1023) aud the green alga Enteromorpha intes 
iinahe (Bj’ivood A Challenger, 1953), is the betame of ^ methylthiol 
propiomc acid (Fig 14) 

— CH,-CHr-COO* 

^■Dimethylpropiethetin 

CH,S-CH,-CH,-COOH 
fl'HethjrUh olprdptonie acid 
Eto 14 


Oxidation products of methiomne (methiomne sulphone and 
methiomne sulphoxidc) and of cysteine (cysteic acid), often found m 
chromatograms of plant extracts, arc generally regarded as artifacts 
arising by oxidation of the parent ammo acids dunng analysis If they 
do occur naturally their unequivocal detection ^ould be difBcult 

o 

B 

H,C— 5CH-CH-OI,— CH.CN 
4*Meihyliulphoxlde.buiene^3).y| n trile 
o 

M,C— ICM-CM— CHr-CH,-CH,CN 
5-Mtihyjulpho*.de-amylene^4).y| n inie 
Fio 10 


M w Schmid 4, Karrer 

^ lmtcne-(3) }1 mtnie md the 

r^c md^lf .‘■r or tl„cos.dca from seeds 

of the mdrsh (/leyAaaa, A higher homologue of the mtnic, 
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jcoHteddirectlj from.tlieEeeda(VanVeen &,H}man, 1933) Itsstnicture 
(Van Veen L Hyman, 193o) is 


CHaS CH SCHg 

1 “ I 

HaNCH COOH HaNCH COOH 


Tins structure has been confirmed by symthesis (Du Vigneaud L 
l^atlerson, 1936, \rmatrong Du Vigneaud, 1947) DjenLobc acid 
occurs also in seeds of Ptthccolobium dulce, P mvllxjlorxiin, and 
Albxzia lophaxiiha (Leguminosac) (Gmelin, Hasenmaier, & Strauss, 
1957) Gmelm, Strauss, Hasenmaier (1958) isolated a neir sulphur 
containing anuno acid, carboxyethyl) l cysteine, from seeds of 
Albxzia juhhrxsain On enzymatic brealvdoxvn it formed ammoma, 
pyruMC acid, and ^ thiolpropiomc acid 


HOOC— CH;— CHj— S~CHj— CHNHj— COOH 

CHj— CO— COOH 4- NH 3 + HS— CHg— CHs— COOH 

Tins ammo acid also occurs, together mth a related compound 
(probably S (y carboxypropyl) ircysteine), in seeds of ^cacto mllor 
dxaxia (Gmelm, 1939) C^stathiomne, 


HOOC— CHXHi— CH,— S— CH-,— CHj— CHNH,— COOH, 

IS an intermediate in the formation of methionine by A^eurospom crossa 
(Horowitz, 1047, Teas, Horowitz, Fbng, 1943) It is broken down 
(Gmelm, Hasenmaier. Strauss, 1057) by an enzyme from seeds of 
vHiicio lophanOia to ammoma, pyruvie acid, and bomocystemo 
(US Cil, CH,— CHAH,— COOH), another intermediate m methio 
nine synithesis by Ncuroapora 

I^ntluoiimi:, a lUammodicarboxjlii: acid structuraUy resembliiig 
djenboho acid, occurs in hj droljsatcs of wool but 13 probably an artifact 
not existing in the onginal protein (bchoberl i, Wagner. 1950) It occura 
Iiybc aiilibiolna tnbtilin (Uderton i. Fcvold 1951) and duramycin 
Ijndcnfelser Dnorschack, L Pndham, 
1 JoS), the latter abo contains ^ mcthjllanllnonino The structuio of 
lanlmoninc la 


CH, 


COOH HpiCH COOH 

Lanllnoiniio is not dcfimtclj known from higher plants, it 13 . however. 
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tomato roots (Boll, 1954a, 6) and may thus be a normal metabolite. 
Norvaline and norleucine are readily metabolized in the animal body, 
probably by transamination to the corresponding keto-acids (Hassan & 
Greenberg, 1952): 


CH,— CH,— CH,— CHNH,— COOH -»• CH,— CH,— CH,— CO— COOH, 
norv aline a-ketovalenc acid 


CH,— CH,— CHj— CH,— CHNHj— COOH - 
norleucme 

CH,~CHt— CH,— CH,— CO— COOH. 
a Lctocaproic acid 

Homoserine, 

HOCHj— CHj— CHNHj— COOH, 

an isomer of threonine with the hydroxyl group on the y carbon atom, 
is an intermediate in the metabolism of methionine in rats (Binkley & 
Du Vigneaud, 1942; Stetteu, 1942), J^eurospora crassa, (Teas, Horowitz, 
is. riing, 1048), Escherichia coli (Lampen, Roepke, & Jones, 1947), and 
Saccharomyces <^eusiae (Pomper, 1953). It has been isolated as the 
lactone, to nhich it cycUzes readily, from the pea {Pisuni sativum) 
(lliettinen, Kari, iloisio, Alfthan, & Virtanen, 1953). The pea also 
contains 0-acetylhomoserine. ^Vnotber hydroxyamino-acid, y*hydroxy- 
valmo, is knomi only from Kalanchoe daigremoniiana', it appears to be 
absent from six other species of Kalanchoe (Crassulaceae) (Pollard & 
Steward, 1953; Pollard, Sondheimer, & Steward, 1958). 

Canavanino (a-amino-8-guanjdoxybutyric acid) was discovered in 
by Kitagawa & Tomiyama 
( 0.9), and recorded in soybeans (Muller & Armbrust, 1940). Its 
structure, ' 

HOOC— CH— CH,— CHj— O— NH—C = NH 

I I 

IS of interest os containing tho guamdinoxy group 
(— 0:SH.C=IvH.NH,), 

rho«^“tW “"T® D^-modaran & Narayanan (1D40) 

an XLc ,1 ofCuauiafia contained eanava Jo and 

ciizjmo hjdrobsing it to urea and another amino-acid, cauaiine: 

UOOC— CH— — o— NH,. 

and guauidino 

caua.aiiiue to O ureidohoiuoinuo 
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chromatography is. reported m Atropa belladonna (Solanaceae) (James, 
1919), glulinosa (Betulaceac) (Miettmen Virtanen, 1952), 

Kalanchoe blos3fdduina (Crassulaceae) (iladan, 1956), Phdipaea 
ranwsa (Orobanchaceae) (Izard, 1958), and the fern AspUmutn nidxi3 
(Virtanen Su Linko, 19556) The preaence of ormthine in watermelon 
{CtiTvUus tulgans) (Ka&tmg L Delwiche, 19o7) and m flax {Linum 
t«i/a/W5jmiim), where it accumulatea m sulphur deficiency (Coleman, 
1958), IS firmly established by isolation Ormthme, rarely more than a 
minor constituent of the free ammo acids, is promment in the red alga 
Chondrus cnspus (Young A, Smith, 1958) It occurs in the antibiotic 
peptides gramicidm S (Synge, 19456, Sanger, 1946) and tyrocidme 
(Gordon, Martm, A. Synge, 1043) Ormthme, though absent from most 
proteins, represents 6 per cent of the mtrogen in hydrolysates of m 
soluble material (free of soluble constituents) from the red aXgaChondriis 
cmpiM (Smith A* Yoimg, 195o), it was detected chromatographically 
and isolated from the hydrolysates, but was not found m giTmlar 
preparations from other red, brown, and green algae The protein 
component of kidney phospliataso is stated to contain ormthine 
(UraTamajo k llmucio, 1953), it is also reported m a protein 
of the marmo moUusc Biuyam canabculalum (Shashoua 4, Kwart, 
1959) 


a.Vacetylormthine acciunulatea m vegetative storage organs of 
some plants forming 10 per cent of the dry iveight m roots of Coruiahs 
ociwis ( anako. 1937) Reuter (1937a) recorded it as the mam 
rolnblo mtrogenoim compound m the storage organs (roots, tubers, and 
stem) of the foUowmg members of the same famrly (Fumarraceae) 
Corydalu, cava C che,ranth,foha. C 
^ achrcUuca.C rosea, C semper 

hnuL "“■'■''"/o''” C vaguoins. D, centra extmia, D 

'Lmorcou.,!,/^'^'*.’?' copreolala, P ojicitialm It was a 

rtrc’S.a‘™^ Stijlophorum diphijUam) 

som llirr”"''." ‘o r^anaceal whreh 

<F““a"»-<l=ae) of Papaveraccae 

■llubTe Mm" 7”“““ ““‘Ilonotlrme L the mam 

abaent fromn spcc'7f 1>17 ”*^ **'” vegetative storage organs, it was 
of other fanuhesTosted b\ P 

detected it m Cn^rri ; i > (iJjm) Virtanen A, Linko (19s>56) 

- accttlormthine m Poa glauca, it 
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CitniUine seems not to be a general constituent of protein. Klein & 
Taubbck (1932a) stated that it occurred in proteins from Cucumis 
saihxis and other cucurbits, but did not explain how this conclusion 
uas reached. Smith & Young (1955) reported that citruUine (detected 
by chromatography but not isolated) occurred regularly in hydrolysates 
of insoluble material from the red alga Chondrus crispus. No citruUine 
was found in similar hydrolysates from other algae (Fucus vesiculosu^, 
Ascophyllum nodosum, Jihodymenia pahnata, and Ulva lactuca). 
CitruUine is rarely reported from proteins of animal origin but is stated 
(Rogers & Simmonds, 1958) to form 6 per cent of a protein from hair 
follicles of the rat. 

Watermelon {flitrullus vulgaris) contains another unusual amino- 
acid, isolated and identified by Noe & Fowden (1959, 1960). This com- 
pound, ^-pyrazolylalanino (Fig. 17), is an isomer of histidine containing 
the first pyrazolo ring detected in a natural product. A somewhat 
similar alanine derivative is formed in Phaseolus plants treated with the 
herbicide 3-amino-l,2,4-triazolo (Massini, 1950). 


,N— CH,— CHNHj— COOH 


^•PjrnaolylaUnme 
Fio. 17. 


A loner homolopio of citrulUno hos been isolated from seeds of 
. OTcia CO /a, Albiziajttltbrissin, Ejileroldbium cyclocarpum, Lysiloma 
bahamtmt L. deemoslacinjs, and Pilhccolobmm atticans (GmeUn, 
Strauss, & Hasenmaier, 1958, 1939) and named alblssiine. Its structure, 
--ammo-D-ureidopropionio arid, has been confirmed by synthesis 

shows some structural 
rnt reT, , ‘“‘““’“''“I’ foood io ieaooena gUuca. (MasenS, 

Ron; lot "■haut, 1910; Hogarty, 1957) and kmosa pMca 
it ridoS 's p.(.V-(3-hydroxy- 

Lm '*“'*• “ ^ot only 

sZleTant^ of he s„h-fam.ly Mmoso.deao of tho Leguminosae. I 
arid occurs m f” ‘he^o compounds, a.^iammopropionic 

Stra'us.,. & llascumtof latlTts'^r'tr T" 

uasacoiiaiiiuoMtnrti ’ *}' ^ natural occurrence 

as comtnuent of the ant.h.ot,o vromyem (Haskell, i'nsari, Frohardt, 
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D-serme xs produced by a Slreptomycta but bas no antibiotic activity 
(Hagemann, Penasse, & Teillon, 1955). Structures of these compounds 
are shown in Pig. IS. 

3,4-Dihydroxyphenylalamne, closely related to tyrosine {4'hydroxy- 
phenylalanine), is known from Viciajaha {Guggenheim, 1913), species 
of Stizolohium (ililler, 1920), and Mucuna capitata (Yoshida, 1945); 
these legumes are apparently the only plants in which it is recorded. 
Another derivative of tyrosine, 2,4*<iihydroxy-6-methylphenylalanine, 
is reported from Agrostemma githago (Caryophyllaceae) (Schneider, 
1958). O-methyltyrosine occurs in the antibiotic puromycin formed by 
Streptomyces alboniger (Waller, Fryth, Hutchings, & Williams, 1953). 
A -methyltyrosine (surinamine) occurs in the bark of Geoffraea surtna- 

CHr-O— CO— CHN, 

Azuertne (O-diazoacetyUenne) 






\, 

-c/ 


Cydourine (4-vnino>isoxazehdont) 


H,N— CO-O-CHj-CHNHr-COOH 
0-orbamyl'D>jerine 
Fio. 18. 


(Lcgummosac) (Winterstein, 1919) and JV-methyltiyptophan 
of Jtraa jincalorim (Leguminosae) (Ghatak & Kaul, 
93.; Hoshino, 1933; CaliUl & Jackson. 1933). Stowe, Thimann, & 
Ivcfford (1930) also isolated -V-mctbyltryptophan from these seeds but 
n cm unab e in spdo of its comparatively high concentration in extracts, 
to detect It by chromatographic methods successful with pure solutions, 
llns maskmg by other substances of a constituent which should bo 

Y 1 Tko name •■abrino”. for 

?ouni at , ■" of procutoriua. Good i Andr^ae (1957) 

comZ^nT “T° '■‘o'osfoo' “otcrml is tho pum 

U cridcncc f tj-rosmea ate unknown in plants but there 

cudeuro for thc.r occum=nce in animal products. Dcnncll ( 1950 ) 
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cliromatographically in germinating peas by Fawcett, Seeley, Taylor, 
Wain, & Wightman (1955), and isolated from aqueous extracts of 
cabbage by Jones & Taylor (1957); indolyl-3-pyruvic acid (Stowe & 
Thimann, 1953; Vlitos & Meudt, 1954); indolyl-S-propionic acid 
(Linser, llayr, & ilaschek, 1953); indolyl-3-butyric acid (Blommaert, 

1954) ; 5-hy(lroxyindolyl-3-acetie acid (Udenfriend, Titus, & Weissbach, 

1955) , 5-Hydroxytryptophan occurs in CAromobacterium violaceum 
(llitoma, Weissbach, & Udenfriend, 1955). Wieland & Witkop (1940) 
and Sorm & Keil (1951) found a hydroxytryptophan in a toxic peptide 
of tlie fungus Amanita pAalloides. Comforth, Comforth, Dalgliesh, & 
Neuberger (1951) synthesized the compound from isatin and ethyl 
pyruvate, formulating it as ^-3-oxindolylaIanine. 

Peptides of indolyl-3-acetic acid are kjiown from natural sources. 
Tissues of several plants synthesize indolyl-3-acetylaspartic acid when 
supplied Avith LVA (Good, Andreae, & Van Ysselstein, 1956); indolyl-3- 
acetylglutamino occurs in very small amounts in normal hximan urine, 



OH OH 

Fio. 19 . 


U output being greatly increaiied in pathologicnl states involving a 
XmT ' ‘ Sanda, & Sorm (1037) 

IredreU “ compound yielding aseorbie acid and lAA on 

liS.el in I-ig- fee this 

n cm ll 1 r ?■ f - "aine used earber by other 

cc";i>lc«s of pretein nith aseorbie acid. iaciHns 

1 th aWic indoljl-3.propionie acid into peptides 

'Ulh alanine, senne, and tlireonino (Tabone, lOoS) 

Liltlo u f™"' '-“Cions plants. 

Little u knoMi. of tlicir niclatiobsm but some have attracted attention 
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K Betaines 

The name betame corned by Scheibler (1869a) for a substance 
which he isolated from the jmce of sugar beet [Beta vulgans), is now 
apphed more generally to a family of N methyl mtemal anhydrides of 
ammo or immo acids They can also be regarded as quatemarj 
ammomum bases carrymg a carboxyl group, this zwittenon structure 
expresses their chemical properties better than the anhydride structure 


(CHJ,N — CH,-COO- 
Bet&lne 

H|M— CHr-COOH 

Glyc ne 

1 r 

H,C^ ^CH— COO 

h/V 

1 r 

H,C CH — COOH 


Suchydrln* Prol ne 



Trljonemnc Nicotncacld 

Fio 20 


TUo betaines of many common amino acids are unknown as natural 
proUucls, and onlj a few occur widely The best known are trigonelline, 
c ij nuo, an gljcmo betame demed respectively from lucotmio 
acid, prolmc, and glj cme (Fig 20) 

occu^rr *' n‘“''° d^tnbuted among flowcrmg plants, 

Icaica nV' °ir ^ “"*■ weight in 

Itoccumr CromwcUd.Ziuc 19»3) 

IO5I0I Stacl.i°l r '“Hutes (CromweU d, Rcnme 

tngoncUinc discovered bj ^ T7® 

Other bctamiw4 1 ^ . UMW m Tngondlafoenum-graecum 

Ulbcr bcUincs an, known oulj from a few species Betomcme and 
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ornithine, and tryptophan. Barrenscheen & von Valyi-Nagy (19-12) 
reported that in a homogenate of etiolated wheat seedlings methionine 
supplied methyl groups for the conversion of glycine to its betaine. 
Cromwell & Rennie (19o4a) did not confirm this observation, but found 
that choline infiltrated into leaves of Atriplex patula or Beia vitlgaris 
was oxidized to betaine; homogenates were inactive, enzymatic 
activity apparently requiring intact cellular structures. Leete, ilarion, 
& Spenser (19S5a) supplied seedlings of Medicago sativa with C^*- 
labelled ornithine and foimd no evidence of its conversion to stachy- 
drine. Wiehler & ilarion (1958) showed, however, that these seedlings 
transformed ornithine to stachydrine if supplied with pyridoxal and 
folic acid. Seedlings given ornithine alone formed glutamic acid; 
addition of pyridoxal permitted its conversion to proline, which with 
added folic acid n as methylated to stachydrine. The seedlings apparently 
lacked adequate supplies of co-factors catalysing its synthesis in the 
mature plant. Tills ivork establishes ornithine as a precursor of stachy- 
dnne in tiio; more generally it stresses that negative results in bio^TJ- 
thetio studies bavo no significance unless the test plants actively 
synthesize the relevant compounds. Use of inactive plants may explain 
some unresolved contradictions in this field. 

Little is known about the metabolic breakdown of betaines. The 
betaine content of germinating seed-balls of Bela vulgaris falls lit)m 
^ ™8/g 2 mg/g in four dajs; the decrease is not due to mould action 

or to loss of betaine by diffusion in water, but represents a metabolic 
conversion (Simenauer, 1957). 
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enzymes prepared from them (liretovich, Bundel, & Gunar, 1955). 
A similar synthesis of aspartic acid from oxalacetic acid in homogenates 
of pea seedlings was reported by Kretovich, Bundel, & Aseyeva (1951). 
Bulen (1956) prepared from leaves of corn (Zea mays) a glutamic acid 
dehydrogenase dependent on diphosphopyridine nucleotides, but 
apparently not on any metal. Glutamic acid is the only amino-acid for 
which dehydrogenases are known in liigher plants but Bacillus subtUis 
contains a very specific DPN-dependent dehydrogenase synthesizing 
alanine from ammonia and pyruvic acid (Wiamo & Pierard, 1955; 
Pairhurst, Iving, & Sewell, 1956). Aspartic acid and alanine could arise 
by the amination of oxalacetic acid and pyruvic acid respectively; 
there is some evidence that they are synthesized in this way in plants. 
Kxetovich & Bundel (1950) demonstrated a considerable synthesis of 
alanine on addition of ammonium pyruvate to extracts of etiolated 
pumpkin seedlings, but it may have been formed by transamination 
rather than by direct amination of pyruvic acid. Jacobi (1957) found 
that in the green alga Viva laduca both aspartic and glutamic acids 
were fonned by direct amination of the corresponding keto-acids. The 
direct amination of pyruvic acid hy ammonia to form alanine is 
cata yse y a liighly purified enzyme from mitochondria of rat liver 
(Berezovskaya, 1058; Kaplanski Ic Berezovskaya, 1068). These authors 
demonstrated comiderablo synthesis of alanine in systems without 
ransaminaso activity. Fraustadt (1959) observed that anaerobiosis 
ereatly increased direct synthesis of alanine in Mucor racumms, 
probably hy removal of respiration as a competitor for pyruvate, 
rarrie T” t ™'™'”"8‘‘msms amination of keto-acids to amino-acids is 
S', r following reaction 

(Katunuma. 10o8; Ellfolk i; Katunuma. 1050): 

ATP -fNH, ,0 ..VMP ^ p p 

activeU' in r ' t Bschenchia coU. It occurred very 

from soybean roots an “from™r“'‘- "“o “bsoof 

formetionofaspartie acid from r 

reported by Jaeobsohn Tao^-^T""'’ P'^P“''ollons was 

frcn.iW,cridi“'I“S^; '“1’“^“=“ 

the addition of ammonia hvdm I'’*”-'" * oatalyso 

acid, forming aspartic akd a “> 

succinic acid. Jdroxjaspartic acid, and diamino- 
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cysteic acid (SO3H CHj CJHNHj COOH) {Bycliko\ , 1939 , Cohen, 1940) 
In animal tissues the aspartic acid alamne transamination reqmres 
two distmct enzymes, bemg in fact the sum of the first tivo reactions 
given above (Green, Leloir, &,Nocito, 1945, O’Kane & Gunsalus, 1947) 
“Wilson, King, Bums (1954) demonstrated alanme oxalacetic acid 


transamination m preparations from barley and lupm seedhngs, 
transammation between methionine and pyruvic acid was also demon- 
strated inth preparations from mung bean seedhngs It is not clear 
whether these transformations occurred directly or represented the 
summation of more than one mdepeudent reaction CruickshanL iu 
IsberiNood (1958) found that transammations from glutamic acid to 
pyruvic acid and to oxalacetic acid are catalysed by distmct enzymes 
in wheat germ Enzymes (known either as “ammopherases”, the term 
preferred by the discoverers, or “transaminases”, the term mostly used 
bj %vriter 8 in English) which catalyse the transamination reactions occur 


in many groups of orgamsms They were reported m various plants by 
Virtanen L Lame (1938. 1041), Adler, Gunther, A Everett (1938), 
Damodaran A Nair (1938), lOitzmann (1939), Albaum A Cohen (1943), 
Rautancn (1940), and Leonard A Bums (1947) 

Most of the naturally occumng ammo acids that have been tested 
take part m transammation Albaum A Cohen (1943) showed that 
enz^es from oat seedhngs catalysed transammation to a ketoglutano 
acid from alamne, aspartic acid, and cysteic acid Stumpf (1051), 
uorkiiig \ulh dialysed aqueous extracU from seedlmgs of bean, lupm, 
^a, and pumpkm, demonstrated transammation to a ketoglutanc acid 
from numerous ammo acids, including alamne, 7 ammobutync acid, 
Mpartic acid, isoleucme. leucmc. nonahne, and valme Wilson, 
mg, urns (1954) extended still further the range of transammations 

catalysed by enzymes from plant tissues Their nork uas particularly 
° «scd. cliromatographic methods being 

pplcmentcd bj ^.tudies of reactions beU^ceu substrates labeUed .nth 

\ »y 

nrifi n, c* aspartic acid, asparagine, arginine, 

ammjbutxnc' if<ui 'x ^^Ttophan, tyrosine, valine, a- 

lra..«minal.ona « “uita °™d 'T 

aalurtjo acid nn/i ,,, 4 » acid and alanme, arginine, 

m labolicallj imporlMt of anuno groups Most of llie 

.mponaut ammo amds thus form glutamic aetd bj 
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found by Barnes & Naylor (1D59) to be almost aa good as nitrate {the 
best mtrogen source tested) for isolated roots of Pinus aerotina Citrul 
bno was also effective as tbe sole source of nitrogen Argimne, ormthme, 
urea, and aspartic acid supported fair growth, the mtrogen of glutamic 
acid w as apparently unavailable, suggesting that in the roots it was not 
decarboxjlated to y aminobutync acid Scott & Jakoby (1958) showed 
transamination betw een y ammobutyric acid and a ketoglutarie acid to 
conform to the equation 


CHg NHj 

COOH 

1 

COOH 

1 

COOH 

1 

I 

CHj 

1 

CHj 

CHj 

1 

CHs 

1 + 

1 

^ 1 

+ 1 

CHa 

j 

CHa 

1 

CHj 

1 

CHa 

COOH 

1 

CO 

CHO 

1 

CHNHa 


1 

COOH 


1 

COOH 

Ammobutyno a 

Ketoglutano 

Succimc 

Glutamic 

acid 

acid 

semialdchyde 

acid 


In extracts of barley and nheat seedlings Kretovich & Galas (1969) 
found a rapid transamination of ammo groups from y ammobutyno 
acid to oxalacetic acid and pyruvic acid, formmg aspartic acid and 
alanine 

Formation of ammo acids by transamination implies the presence 
of the appropnato keto acids, or possibly of aldehydes replacing them 
as acceptors of ammo groups Oxalacetic acid and « ketoglutano acids 
are ' ey, as mtcnnodiates m tbo tnearboxybe acid cycle, to bo 
aval a o m actively metabolizing tissues This appbes also to pyruvic 
aci , bo end product of glycolysis Glyoxybo acid (CHO COOH) has 
been found in various plants since Brunner t Chaard (1880) recorded 
(Fibs itmfera) and gooseberry {Jtihes 
\ r™, fro- lugber plants by the on 

acS <bvT.c Tn ® and ofLlantoie 

“fartmalrf. T'’ I-eto analogues of 

liliuts Kol and glycine arc thus uidespread 111 

glutamic and » tbe reaction nos stimulated by 

be Iransonuiiation' 'r f“""®>'0<> <he necessary ammo groups 

tlon Senno is fonned enzymatically from glycine and 
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formaldehjde in preparations from seedlings of corn {Zca mays), both 
pyridosal phosphate and tetrahydrofohc acid are reqiured as co 
enzymes (Hauschild, 1959} 

The plants contaimng the y substituted glutamic acids are known, 
ta some cases at least, to produce their keto analogues ako y lUethylene 
a ketoglutanc acid has been isolated from leaves of tuhp {Tulipd 
gesneriana) (To\’iers Steward, 1954) and from seedhngs of peanut 

Table 6 

Kdo-actds hnou/ti or suspected io be intermediary 
mdahoXxtes, but not necessarily occurring in 
ddeciabh amounts in tissues 

Kcto^id Corre^poi^^amino Organism 

ct Ivetobutyno a AmmobutjTic EscJiertchia coll (1) 

Aceloaoetio ^ Aminobutync Flax {Linum usitaiissmum) 

(S) 


buccinio sciniaMehydo 

y Axomobutync 

sativum (3), 

Endomycopsis vemalts (4), 
Bordeum satnum (6) 

^V»part)o ^ Bcmtaldebjde 

a y Dumunobutync 

Yeast (6) 

Glutamic y scmialdehydc 

Ormthme 

Neurospora crassa (7) 

a KctoisoNolcnc 

\ aline 

F«c5enc/«ta coZi (S) 

a Koto xnctbjKalcnc 

Isolcucme 

Aeurospom crassa (9), 
Escherichia col* (10) 

a Koto < ammocaproio 

Lysino 

Bat (11) 

Imidazolepj-ruv lo 

nistidme 

Muasel (ATt/OZus cdults) (13) 

a Kcto>)> motlijUhiol 
butj no 

Methionine 

Hung bean (PZiaseoIua sp 1 
(13) 

I bcnjlpjru\ ic 

Phenylalanine 

Eechenchta col* (14), 

■SoZiia splendcns (15) 


P H>ilroxjphcn>l 
l>>ruvio 


BsehcncJiui coli (14) 
iS'aZna spUndens (15) 


= JoW«o.Racu3c„,S,Bo^e 
10-9 0 IJUckAWncht ° Krelo\ich A Gala- 



186 


BIOSYNTHESIS OF AMINO-ACIDS 


Pyridoxamine is au effective amino-group donor in a plant transaminase 
system (Wilson, King, & Burris, 1954). Tliese workers also demonstrated 
a requirement for pyridoxal phosphate in the glutamic acid-glycine 
transamination of tobacco leaves. It is usually assumed that all plant 
transaminases require pyridoxal phosphate as co-enzyme, but this 
conclusion is based mainly on analogy wth data for animal or bacterial 



enzymes. Enzymes from Escherichia coli catalyse a reversible trans- 
amination between pyridoxamine and a-ketoglutaric acid (Gunsalus & 
Tonzetich, 1952). Pyridoxine phosphate appears to combine with the 
active groups of the enj'zme without reacting further, thus inhibiting 
transamination. Dcoxypyridoxinc phosphate has a similar effect 
(Mcister, Sober, & Peterson. 1954). ICretovich & Yakovleva (1057) 
tound that m a homogenate from pea seedlings formation of glutamic 
acid by transamination from aspartic acid was stimulated by the 
addition of magnesium phosphate and adenosine triphosphate. The 
nature of the ATP effect was not entirely clear. 

“■ Acid in Amino-ncid Mctn- 

plants and on isolated tissues or enzyme 
drta^et- 1 amino-acids, particularly 

or nUn !e™.t TP “ transformations 

belT ; ri ™ in tl.e scheme 

metabolic pathnsy Tn "iTTh^- “ ““i”'' energy-yielding 

> ho catabolism of carbohydrate and fat. 
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m tlie mtrogeneous metabolism of tomato plants (ilacVicar & Bums, 
1948), npemng ears of wheat and secdhngs of lupin, maize, and pea 
(ICretovicli Sl. Bundel, 1949), the umcellular green alga Scenedesmus 
obhquus (Algeus, 1951), carrot roots (Menoret, 1957), and leaves of 
wheat (Carles, 1958) 

Warburg & ICnppahl (1958) found glutamic acid to be closely related 
to photosynthesis m CJihreUa The pnmary reaction of photosynthesis 
could not, how ever, be a carbo^lation of y ammobutyric acid, as its 
accumulation mhibited photosynthesis Sivaraniakrishnan & Sarma 
(1954, 195G) found glutamic acid to be a very active metabohte m 
germinatmg seeds of green gram (Phaseolua sp ) Glutamic acid uiu 
fonnly labelled with was supphed to seedlings germinatmg m sterile 
culture After 72 hours 95 per cent of the added ammo acid was 


catabohzed, most of its carbon appeanng as carbon dioxide, some 
carbon appeared m aspartic acid and asparagine, and a httle m argmme 
and prohnc Conversion of glutamic acid to aspartic acid involved 
thiamin, which probably took part as cocarboxylaso m the decarboxy- 
lation of a kctoglutaric acid to succinic aldehyde Bunn, Camicn, 
bhankman, Block (1948) compared the total amounts of tea amino 


acids (free and combined m protein) m seeds and seedlings of soybean 
{GhjCMic incx) and lupin {Lupinus anguslifohua) In seedlings receiving 
no external supply of mtrogen, much of the glutamic acid of the seed 

proteins was converted to aspartic acid Tlie data of Schulze & Castoro 

(1903) and of Balicka Iwanowska (1003) indicate net synthesis of 
aspartic acid during germination oi Lupinua luteus 

Glut-iimo acid is synthesized from labeUed glucose by germinating 
bocdlings Chanipigny (tOOSu) supplied glutanuo acid, labeUed intb C“ 
... position 1 or m positions 3 and 4. to developmg plants of BrmplnjUum 
dmarcuioadamna (Crassulaccac), uhich ivero analysed 0 hours later 
1 art of the glutamic acid remained unchanged, part was incorporated 
into protein, part lias transformed to glutamine or to y anunobutyno 

T.','’,rt''from'T pyrrohdonecarbotyhc acid 

Apart from tlieie eai»;eted products C** from the glutamic acid naa 
found 1.1 a Hide range of acida related to the tricarboxj ho acid cycle, 
and "1 reieral aim, lo acids (aspartic acid alanme, gljc.ue, Instidmc, 

doiirproVabK 

atoms diitnbut.^ ...to many ddferem^turd: 

ditached leans 

wwjaiw (Ulj of the-\ alley, Lihaceae) In 
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Schumacher, 1950; Beevers, 1951; Werle & Bruninghaus, 1951; 
Miettinen & Virtanen, 1053a; Suzuki & Takakuwa, 1957) demonstrated 
the enzymatic decarboxylation of glutamic acid by preparations from 
higher plants. Kulkami & Sohome (1956) found dry seeds of Dolichoa 
lahlab to be a very rich source of glutamic acid decarboxylase; high 
concentrations of the enzyme were also found in seeds of tn’o other 
legumes, Ftju®ca(jang and P^oscoZusaMreiw.Rohrlich & Rasmus (1956) 
showed the enzyme to be present in wheat germ and rye germ; as in 
other species pyridoxal phosphate acted as co-enzyme. Chlordla has a 
very active glutamic acid decarbo^lase (Warburg, Klotsch, & 
Knppahl, 1957), In some cases the product of decarboxylation was 
identified as y-aminobutyric acid (Hassc & Schumacher, 1950; Beevers, 
1951; ICulkarni & Sohonie, 1956). y-Aminobutyric acid also arises in 
vivo by transamination from glutamic acid: 


succinic semialdehydo -f glutamic acid^ 

y-aminobut 3 rric acid + a-ketoglutaric acid 

This reaction is known in brain (where glutamic acid and the related 
compounds glutamine and y-aminobutyric acid are very active meta* 
bohtes), liver, and micro-organisms (Bessman, Rossen, & Layne, 1963; 
Roberts & BregofF, 1953; Scott & Jakoby, 1958). A similar reaction, 

malonic 8cmiaIdch}^do -i- a-alanino ^ )8-alarune pyruvic acid, 

occurs in Pseudomonas (Nishizuka, Takesluta, Kuno, & Hayaisbi, 1959). 

It was generally assumed, when y-aminobutyric acid was first 
recognized ns a widespread plant constituent, that it arose only in the 
pathways Icjrding from giutamic acid to simpler suhstances. Its role in 
rat brain (Komctlani & Klein, 1953, 1955, 1950) and in tissue cultures 
derived from secondary phloem of the carrot root (Steward, Bidwcll, & 
Ycmm, 1950) seems more active than would be expected on this 
assumption. Koracliani & Klein (1953, 1955. 1950) found that a 
homogcnalo of tat brain formed ammonia when incubated with ions 
of potassium magnesium, and phosphalo, together with glutamic 
^1 , y amino utj nc acid or ^alaiunc, and inosino monophosphate or 
inosiae triphosphate. Tlio decomposition of the amino-acids was 
greatly accelerated by inosino monophosphate. Tlio authors suggested 
that the ammo groups of the amino-acids are used in resynthesis of the 
adenjlie sjslcm llio formation of ammonia was attributed to a 
deaminase acting oii adenylic ireid. The synthesis of adenylic acid was 
chccLcd by spectrophotometry and by electrophoresis on paper. 
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amino acids, which are probably fonned by the interaction of ammoma 
or other reduction products of nitrate with metabohtes derived from 
the pnmarj products in the fixation of carbon dioxide 

^ Alanine arises b}' the bacterial decarboxylation of aspartic acid 
(Ackermann, 1911, 'Virtanen, Rmtala, L Lame, 1938) It has been 
assumed, without conclusive evidence, that lugher plants form it m 
the same way Decarboxylation of aspartic acid to an unidentified 
product 13 reported for squash (Cucurbita) fruit (Rogers, 1955) and for 
pea shoots (Ynettmen, 1957) Naylor A Tolbert (1958) studied the 
metabolism of labelled aspartic acid m lea\es, stems, and roots of 
10 lugher plants without detecting any formation of jS ninmnp An other 
route to ^ alanine IS knoimmbactena Razm, Bachrach, &Gery(1958) 
showed that Pseudomonas aeruginosa rapidly oxidized the long cham 

NH;(CH2)3NH(CH2)iNH(CHj)3NH2 (spermme) 

and 

NHj(CH 2)4NH(CH2)3NH3 (spermidme) 

with the production of ^ alamne It was formed also from 1,3 diammo- 
propano but not from putrcscme The metabohc relations of spermine 
remained obscure until recently, although it was isolated as the 
crjstallino phosphate from human semen by Vauquelm (1791) Its 
synthesis in Escherichia coh involves 5 adeno^ylmethionme and 
putrescino (Tabor, Rosenthal, A Tabor, 1958) Spermme occurs m many 
animal tissues, and in jeast (Dudley A Rosenheim, 1925) B Alamne 
figures m animal metabohsm as a late product m the breakdown of the 
pyrinudmc uraej, its immediate precursor la ureidopropiomc acid 
(Hnk, FinU 4, Henderson, IM2, Batt & Exton. 1950, CaneUakis, 1950 ) 
It IS ako he end prodnet of a suggested pathway (Rendina i. Coon. 
mel,l 1 , r ■“ “'“■”‘■1 ‘taues of propiomo aeid. itself a 

metabohto of vahne The seqnenee suggested IS 

pmpionjl-CoA ri aerylyl-CoA ^ hj droxypropionyl-CoA -> 

? hj droxypropionie aeid -► roalonic semialdchyde — k ^ alamne 

fonn^hr!“?"° >■> acremi metabohc sequences It is 

from nutL " ^aeadomomM^Jnorescena from pj-rrohduie and 

Court 100-1 , I ^ Fredenchs, 1959) Pyrrolidine (Pictet A 

S'am bLr ‘’“i Co’™- ^ P-'-rda, 

lOoO) am both constitnenta of higher plants In some ammal tissues 
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glutamic acid gives nse to prolme and (presumably via ornithine) to 
argimne. In Escherichia coh N acetyl deiivatives of glutamic acid are 
involved, the probable sequence being as shown in Fig. 23. .3/^-acetyl- 
glutamic acid is formed m Escherichia coh (ilaas, Novelli, & lapmann, 
19 j 3) and m Clostridium Uuyieri (Stadtman, Katz, Barker, 1952). 

F. Formation of Glycine, Alanine, and Serine 

In animal tissues glycine and serine are readily converted to one 
another (Leuthardt & Glasson, 1942; Shemm, 1946). The first-named 
workers formulated the interconversion of glycine and serine as: 

CHaOH— CHNHa— COOH =. H— CHO + CH 2 NH 2 — COOH 
serine formaldehyde glycine 

It is now reahzed that the formaldehyde in this equation can be 
replaced by various members of the pool of active Cj compounds 
The enzymatic reaction is now wntten (Blakely, 1958): 

senne -f FH 4 ^glycine methylene — FH 4 , 
uhere FH 4 represents tetrahydrofohe acid (Fig. 24). 



5, 6. 7 , 8-T«lrahydrofolic acid (Huennekens, Osborn. & Whiteley. 1958) 
Fio. 24. 


McConucll &. BilmsU (1059) injected formate and glycine labelled with 
C into the stems of wheat plants, and found significant radioactivity 
in 10 senile of proteins in the developing gram Their results suggest 
tormation of senile by condensation of glycine wnth formate or e C, 
comjxmud denied from it Glycmc and senne also arise from separate 
precursors, probably the corresponding kcto-acids, glyoxyhc acid and 
nyarotypyruMcacd Glyosyhc acid, as already mentioned, is probably 
W despiead m plants HydtoajTyniMe acd is less weU-known as a 

fern J T ‘ (Virtanen i Alfthan, 1034) from the 

font d.plrmura srjJenlneanle It is formed by the oxidation of glyceric 
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OOOH C‘OOH C*OOH 

in, in, in, 

i„, + ^<!h. 

I COOH I 1 

C^O-CoA C *0 C «0 

Succmyl-CoA Glycine i'H.NH, 

^OOH 

a-AmtnO'^ S-Amlnolaevuilnic 
ketoadipic acid acid 


COOH 

C*OOH CH, 

U k 

Li/ 

H,N— CMj-C^ .C*H 


T I 

^c— i mL c* 

C NH N c* 

I t 

CH* CH, 

I I 

?H» CH, 

L 1 

COOH C'OOH 

Protoporphyrin 9 

Ct •= carboxyl carbon C* - - . 

oijiX ‘ 

(Shemin & Rujsell, 1953) 

Fio. 26 . 

b^^thcn”]''^’ pyrrole nngs being m position and joined 

k imo a/l ‘■"'"■Aato sabatmtca of krphj-rin synthesis 

sjn eljcme and suco.n.e ae.d (Shem.n, Russell, i ibramsky. 195=) 

atoms; 

h w>n atoms como from succime acid via a 
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the sjTithesis from indole and senne of tryptopnan and of mdolyl 
acetic acid (preaumably formed from tryptophan) 

enzyme from yeast catalyses the synthesis of S methylcysteine 
from serme and methyl mercaptan {Wolff, Blach, Do'miey, 1956) 
Schlossman &, Lynen (19o7) reported a similar synthesis of cjsteme 
from senne and hydrogen sulphide m je^t 

Serme is decarboxjlated to ammoethanol m the rat (Stetten, 1942) 
and m bactena (J^ord, 1919) 

HOOC— CHNHj— CHjOH ^ CH^H,OH + COj 

senne ammoethanol 

There is evidence for the same reaction m tomato roots where the 
enzymatic decarboxylation probablj requires pyndoxal phosphate 
{Boll, 19546) AminoetUanol was first recogmzed (Tner, 1911, 1913) 
as a constituent of seed phosphatides The free base is reported m 
etiolated wheat seedUnga (Steensbolfc, 1946) It occurs in the antibiotics 
xanthomjcm A (Rao, Peterson, L Van Tamelen, 195o) and gramiadm 
(Synge 1945a) and m the esters phosphoiylaminoctlianol 
OH 

I 

0=P— 0— OHj— CH,— NHj 

i 

OH 

and gl j cer> Iphosplioty lammoethanol 
OH 
1 

0 =P— O— CHj— CH,— NH, 

0-CH,— CHOH— CH*OH 

ilethylaramocthanol and dimethjlaminoethanol occur as esters of 
complex non mtrogcnous acids m the alkaloids of the bark of Enjthro 
phkum guinuTise (Legummosae) (Faltis A Holzmger, 1939, Blount 
Opcnshaw A Todd 19-40) These alkaloids have attracted attention 
since tbcj ncro first studied scientifically (Gallois A Hardj, 187,^ 
18-6) as they arc local anaesthetics and at the same time affect the 
heart m the same wa> as the cardiac gljcosidcs Thev differ greatlj m 
st^cture hoaever from the steroids ^vlth unsaturated lactone rings 
winch charactenzo the cardiac gljcoaides The methjlated amino 
rthinoU an> of more general mtereat aa precuraora of chobne Thw 



200 BIOSYNTHESIS OF AMINO ACIDS 

palula and Beta vulgana (Cromwell & Renme, 1953), and probably m 
tobacco (Byemim, Sato, & Ball, 1956) 

Choline may also be acetylated to acetylcholine, an ester with 
marked physiological effects in ammals Substances pharmacologically 
resembling acetylcholine are reported m various fungi and higher plants 
The identification is not always certain, but acetylchohne seems to 
occur m some species, e g the fungus Lactarius blennius (Oury & Bacq, 
1937) and the nettle Uriica wens (Emmelm & Feldberg, 1947) 

I. Methylation by Glycine and Methionine 

These amino acids are effective donors of methyl groups in alkaloid 
synthesis (see Chapter 12) Methiomne also supplies methyl groups m 
the synthesis of lignm m barley and tobacco plants {Byerrum, Flokstra, 
De\\cy, & Ball, 1954) The reaction is a transmethylation, methiomne 
methyl groups doubly labelled with C** and deuterium being incor 
porated into Ugnm with little change in the D/C** ratio In oat seedhnga 
mctluonmo is oxidized to methiomne sulphoxide, both the amino acid 
and its sulphoxide transfer methyl groups to protopectm and pectin 
(Sato, Byerrum, Albersheim, & Bonner, 1958) The sulphoxide transfers 
methyl groups to methiomne, forming iS methylmethionme, which also 
transfers methyl groups to pectin and protopectm, but is less active 
than mctluonmo and methiomne sulphoxide Methiomne provides a 
methyl group in the synthesis of crgosterol by yeast (Alexander, Gold, 
& Schnenk, 1957) The methyl group is transferred after formation of 
5 adenosylmetluomno (Parks, 1958) The requirement for ATP m 
transmcthylations suggests the general occurrence of similar inter 
mediates (Borsook A DubnofF, i947a) 

J. Aspartic Acid, Homoserine, and Threonine 

These ammo acids are mctabohcally related m micro organisms, 
studies on yeast by Black and his co workers in U S A and on Eschen 
diia coh by Cohen and hia co workers in France, have clanfied the mam 
outline of the intcrcon\ ersion (Black A Gray, 1053, Black A Wnght, 
19550 6 c. Cohen A Hirsch 1953, Hirsch A Cohen, 1953, Cohen, 
V*» ’ Wiescndangcr A Nisman, 1054, Nisman, Cohen, Wiesendangcr, 
A Hirsch, 1051) 

The results of this w ork may bo summed up in the follow ing scheme 
VTP TPNH 

osparlio acid ^ ospaztyl ■ —i aspartic p scmialdehydo 
phosphate 
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cyclizes to form dihydro-orotic acid, a close precursor of orotic acid and 
other pyrimidines (Wu & Wilson, 1956). Tlie reactions involved are 
summarized in Fig. 27. In Neurospora other amino-acids seem to be 
precursors of pyrimidines, as pyrimidine-requiring mutants use threo- 
nine or a-aminobutyric acid but not aspartic acid (Fairley, 1954). 


K. Valine, Leucine, Isoleucine 

Valine and leucine appear to be metabolically more closely related 
to one another than to isoleueine. There is evidence that a-ketovaleric 
acid (the keto analogue of valine) is aminated to form valine, and can 
also condense vrith an acetate imit to form an intermediate ■which, on 


decarboxylation, gives the keto analogue of leucine (Abelson, 19o4a). 
These sequences are consistent with the observation (Arreguin, Bonner, 
& Wood, 1951) that the carbon of labelled acetate supplied to the 
guayule plant (Parthenium argenlatum) appeared largely in valine and 
leucine. Jfonnal strains of Escherichia coli form isoleueine and valine 
by transamination to the corresponding keto*acids, which accumulate in 
mutant strains lacking the transaminase (Rudmaa & IMeister, 1953; 
Adelberg & Umbarger, 1933). In mutant strains of Escherichia coU 
and Eeurospora crassa unable to form valine and isoleueine there 
accumulate respectively a ^-dihydioxyisovaleric acid and a,jS-dihydroxy' 
^-mcthylvaleric acid. These dihydroxy acids are analogous to the keto- 
acids that accept amino-groups by transamination to form valine and 
isoleueine, and precede them in the synthetic sequence in normal 
strains of the micro-organisms (Myers & Adelberg, 1934; Adelberg, 
Coughlin, & Barratt, 1903). Several steps in the biosynthesis of valine 
and isoleueine have been demonstrated with cell-free extracts of 
^eurewpom cra««a by Wagner, Radhakrishnan, & Snell (1958), who 
formulate the sequences as shown in the scheme below: 


i-o - 

OH 

s-AccioIkuc 

»cid 


i.o. 


^-O 

^OH 


s-Keto-^ 
hydroxy iMnleric 

Kid 


H— C— OH 

COOH ioOH 

a^Oihydroxyitotjo- a-Keto- 

valeric Kid ijovaleric aod 


COOH 

hjdroxybwyne ««thyUiltrl< 

Kid 


C-O 

I 

COOH 
i-Keto-^-hydroxy. 


CHr- 

CH. 

^ 1 01 1 CH,— 

CH, 

H, 1^ H - ■ 


K-C-OH 

1 

C-O 


Kid 


*. ^Dihydroxy-^ 
rnethylvilenc 

Kid 


COOH 

a-Keto-^ 

methylvaleric 

Kid 
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(lii) ^-hydroxyisovaleryl-CoA + CO^ 

11 ATP 

^•hydroxy-^-methylglutaryl-CoA, 

(iv) ^-hydroxy-jS methylglutaryl-CoA ^ acetoacetata + 

acetyl-CoA. 

^-Hydroxy-^-methylglutaric acid is the esterifying acid (dicrotalic acid) 
in a pyrrolizidine alkaloid from Crotalaria dura (Leguminosae) (Adams & 
Van Duuren, 1953), and occurs in seeds of flax {Linum usitatissimuyn, 
Linaceae) (lOosterman & Smith, 19B4). Slillerd & Bonner (1954) 
eho^vcd it to be formed in small amounts in plant systems from aceto- 
acetic acid and acetyl-CoA. Jolmston, Racusen, & Bonner (1954), using 
enzyme systems from stem apices of flax, demonstrated the formation 
of p-hydroxy*^*mcthylglutaric acid. In each case the acids were 
probably formed as the CoA derivatives; both reactions required 
adenosine triphosphate as a source of high energy phosphate. Kuzin & 
Novrayova (1941) described a somewhat similar condensation of acetone 
and acetaldehyde to ^-hydroxyisovaleraldehyde. Tliis synthesis was, 
however, performed in vitro and may have no direct relation to the 
biosynthetic sequence. 

The Cj hjdroxy*acids leading to the formation of isoprene precursors 
can thus arise either in catabolism of branchcd-chain amino-acids, or by 
condensation of C, and C* units which may come from carbohydrate 
breakdown or, in the plant, from photosynthesis. The relative impor- 
tance of these dificrent routes to isoprene may vary in different 
organisms. 

The intermediates of interest in this sequence are ^-methylcrotonyl- 
CoA and ^-hydroxymcthylglutaryl-CoA, w'hich are possible precursors 
of rubber in guayulo {Parihenium argtntaium) (Johnston, Racusen, & 
Bonner, 1954). An essentially similarpathway fromleucino to carotenoids 
has been demonstrated in the mould Phycomyces blalesUeanus by 
Chichester, Yokoyama, Nakayama, Lukton, & 3IacKinney (1059). 
The fonnation of isoprene proceeds by the following steps: 

Icucino -> a-ketoisocaproic acid - 4 . isovaleric acid-> 

^-hj droxyisovalerio acid 

+COj 

► ?-)i5droiy 3-methjIglutanc acid ->■ mevalonic acid isoprene. 

U.^ioactiro carbon supplied as Icucino was delected in carotene: the 
labclhus uas someuUat diluted, probably by carbon from the acclo- 
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liiO B-hytiroxyisovaleryl-CoA -f COj 

1 ATP 

B-hydroiy-B-mcthylglutaryl-CoA, 

(iv) B-hydroxy-B-mcthylglutaryl-CoA acctoacetato ■ 

fl-Hydroxy-B-methy1glularic acid is the estcrifying acid (di 
in a pyrrolizidine alkaloid from Orolalaria dura (Legummos 
Van Duuren, 1933), and occurs in seeds of flax {Linumt 
Linaceac) (Klobtcnnan & Smith, 1954). Millerd & B 
shoacd it to ho formed in small amounts in plant system 
acetic acid and acetyl-CoA. Johnston, Bacusen, & Bonnei 
enzj-mo systems from stem apices of flax, demonstrated 
of ^-hydroxy-p-raethylglutaric acid. In each, case tb 
probably formed as the CoA derivatives; both react 
adenosine triphosphate as a source of high energy phosp; 
Nc\'ra>cva (1941) described a somewhat similar condcr^’ 
and acetaldehyde to ^-hydroxyisovaleraldcbyde. This i 
however, perfonned in vitro and may have no direct i 
biosynthetic sequence. 

The Cj hydroxy-acids leading to the formation of isopi 
can thus ari*e cither in catabolism of branched-chain ami 
condeubation of C, and Cj units which may come fron 
breakdown or, in the plant, from photosynthesis. The 
tanco of these different routes to isoprene may va; 
organisms. 

Tlie intermediates of interest in this sequence are 
CoA and ^-hjdroxymclhylglutaryl-CoA, which are pos 
of rubber in guayule {Parthenium argentatum) (Johnst 
Bonner, 1954). An essentially similarpathway fromleucir 

has been demonstrated in the mould Phycomyces h 
Clucbcster, Yokoyama, Nakayama, Lukton, & 3Iac 
'flic formation of isoprene proceeds by the following st 

leucine a-ketoisocaproic acid isovalenc acid-*' 

^-hydro; 

+CO, 

»■ ^•bjdroxy-^-methylglutaric acid -> mevalonic 
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acetate pool. A supply of leucine was shown earlier (Gooduin & L/jinsky, 
1052) to stimulate carotene ibrmation in this mould. 

Ifevalonic acid is /9,5-dihydroxy-j'-methylvaleric acid: 


HOOC— GHj— O-CHs—CHj— OH 

i 

OH 

It is ail efFicient precursor of rubber in a crude enzyme preparation 
from Hcvta brasihiisis latex (Park & Bonner, 1058). Tliis observation 
has been confirmed by Kekwick, Archer, Barnard, Higgins, JlcSweeney, 
& Moore (1059) who demonstrated the incorporation of C^Mabelled 
mevalonic lactone into polyisoprene in undiluted Herea latex. Mevalonic 
acid is also metabolized to squalene and cholesterol in several organisms 
(Tavormina & Gibbs, 1950; Dituri, Gurin, & Rabinowitz, 1957; Amdur, 
Rilling, & Bloch, 1957). Squalene is a linear triterpene Jiydrocarbon 
knoivn to be a metabolic precursor of sterols (Schneider, Clayton, & 
Bloch, 1057). In Sacchuromyces cerevmae it is on the main synthetic 
pathway to ergosterol (Dauben, Hutton, & Boswell, 1968), in which 
methionine provides a methyl side-chain (Alexander, Gold, & Schwenk, 
1957). The methyl group is transferred from methionine via5-adenosyl- 
methionine during synthesis of ergosterol by cell-free extracts of 
Saccharomyces (Parks, 1958). Isovaleric acid was knoivn earlier to be 
used in sterol synthesis (Zabin & Bloch, 1950). 

The branched'chain amino-acids arc tlius involved in the synthesis 
of important non-nitrogenous compounds. Many substances pliyaiolo- 
gically active in animals, including vitamin D, sex hormones, cardiac 
poisons, and carcinogens, are sterols. Their functions in plants are less 
well known. Carotenoids are widespread in plants; they are invariably 
associated with chlorophyll and occur also in many fungi lacking this 
pigment and incapable of photosynthesis. Their functions are again 
better understood in azilB 2 sls, where carotenoids include vitamui A 
and the retinenes (substances concerned witJj tiie physiology of vision), 
than in plants. The phytol side-chain of chlorophyll is a terpene deri- 
vative, but its functioii in photosynthesis, like that of the carotenes and 
xanthophylls associated with chlorophyll, remains obscure. 

TJje terpenea found in essential oils and resins resemble the alkaloids 
in their sporadic occurrence in different groups of plants, in the com- 
plexity of their structure, and in their lack of obvious function; they 
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(lii) ^-hydroxyisovalcryl-CoA + COj 

t ATP 

^-liyclroxy-^-methylglutaryl-CoA, 

(iv) ^-hydroxy-^-mcthylglutaryl'CoA ^ acetoacetato -p 

acetyl-CoA. 

^-Hydroxy-^-methylglutaric acid is the csterifying acid {dicrotalic acid) 
in a pyrrolizidino alkaloid from Crotalaria dura (Leguminosae) (Adams & 
Van Duuren, 1953), and occurs in seeds of flax {Linum uaitatissimum, 
Linaccae) (Klostcrman & Smith, 1954). Millerd & Bonner (1954) 
slio\s ed it to be formed in small amounts in plant systems from aceto- 
acetic acid and acetyl-CoA. Johnston, Racusen, & Bonner (1954), using 
enzyme systems from stem apices of flax, demonstrated the formation 
of ^-hydroxy-^-methylglutario acid. In each case the acids were 
probably formed as the CoA derivatives; botli reactions required 
adenosine triphospliate as a source of high energy phosphate. Kuzin & 
■Novrayova ( 1941) desenbed a somewhat similar condensation of acetone 
and acetaldehyde to p-hydroxyisovalcraldehydc. Tills synthesis was, 
however, performed tn vitro and may have no direct relation to the 
biosynthetic sequence. 

The Cj hydroxy-acids leading to the formation of isopreno precursors 
can thus arise either in catabolism of braiichcd-chain araino-acids, or by 
condensation of C 3 and units wliich may come from carbohydrate 
breakdown or, in the plant, from photosynthesis. Tlio relative impor- 
tance of these different routes to isopreno may vary in different 
organisms. 

The intermediates of interest in this sequence are ^-methylcrotonyl' 
CoA and ^-hydroxyinethylglutaryl-CoA, which are possible precursors 
of rubber in guayule {Parthenium argeTUatum) (Johnston, Racusen, & 

Bonner, 1954). An essentially wrailarpathway from leucine to carotenoids 

has been demonstrated in the mould Phyoomyces blakesleeanus by 
Chichester, Yokoyama, Nakayaraa. Lukton, & MacKinnoy (1959). 
The formation of isopreno proceeds by the folloiving steps: 

leucine a-ketoifaocaprolc acid isovaleric acid-+ 

P'hydroxyisovaleric acid 

»■ ^'hytlroxy-^-mcthylglutario acid -► mevalonic acid isoprene. 

Radioactive carbon supplied os leucino was detected in carotene; the 
labelling was somewhat diluted, probably by carbon from tho aceto- 
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acetate pool. A supply of leucine waa shown earlier (Goodwin & Lijinsky, 
1952) to stiinulato carotene formation in this mould. 

Mevalonic acid is i9,5-dihydroxy-y'inethylva!oric acid: 


IIOOC— CHa— C-CHj—CHj— OH 

I 

OH 

It ia an eflicicnt precursor of rubber in a crude enzyme preparation 
from Ilevea lirasilensia latex (Park & Bonner, 1938), This observation 
haa been confirmed by Kekwick, Archer, Barnard, Higgins, MeSweeney, 
& jJfooro (1959) who demonstrated tho incorporation of C‘*-Iabelled 
mevalonie lactone into polyisoprciie in undiluted Hevea latex. Mevalonic 
acid is also metabolized to squaleno and cholesterol in several organisms 
(Tavormina & Gibbs, 1950; Dituri, Ourin, & Rabinowitr, 1957; Amdur, 
Billing, & Bloch, 1057). Squalene is a linear triterpene hydrocarbon 
known to bo a metabolic precursor of sterols (Schneider, Clayton, & 
Bloclj, 1957). In Saccharoin^ces cerevistae it ia on tho main synthetic 
pathway to ergosterol (Dauben, Hutton, & Boswell, 1958), in which 
methionine provides a methyl side-chain (Alexander, Gold, & Schwenk, 
1957). The methyl group is transferred from methionine via iS-adenosyl- 
methionine during synthesis of ergosterol by cell-free extracts of 
Saccharomyccs (Parks, 1958). Isovaleric acid was known earlier to be 
used in sterol synthesis (Zabin & Bloch, 1950). 

Tho branched-chain amino-acids are thus involved in the synthesis 
of important non-nitrogenous compounds. Many substances physiolo- 
gically active in animals, including vitamin D, sex hormones, cardiac 
poisons, and carebiogens, are sterols. Their functions in plants are Jess 
well known. Carotenoids are -widespread in plants; they are invariably 
associated wth chlorophyll and occur also in many fungi lacking this 
pigment and incapable of photosynthesis. Their functions are again 
better understood in animals, where carotenoids include vitamin A 
and the retinenes (substances conewned with tlie physiology of vision), 
than in plants. The phytol side-chain of chlorophyll is a terpene deri- 
vative, but its function in photosynthesis, like that of the carotenes and 
xanthophylls associated with chlorophyll, remains obscure. 

The terpenes found in essential oils and resins resemble the alkaloids 
in their sporadic occurrence in different groups of plants, in tho com- 
plexity of their structure, and in their lack of obvious function; they 
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(m) ^ hydros} isovalerjl CoA -f COj 

t ATP 

jS h}droxy ^ methjlglutaryl CoA, 

(iv) ^ hydros} ^ methylglutaryl CoA ^ acctoacetate -f 

acetyl CoA 

^ Hydrosy ^ methylglutanc acid i3 the estcnfymg acid (dicrotahc acid) 
m a p}Trohzidme alkaloid from Crotalana dura (Leguminosae) (Adams A 
Van Duuren, 19o3), and occurs m seeds of flas (Ltnum usUatissiuium, 
Linaceae) (Klosterman A Smith, 1954) "Millerd A Bonner (1954) 
showed it to he formed m small amounts m plant systems from aceto 
acetic acid and acetyl CoA Johnston, Racusen, A Bonner (1954), using 
enzyme s} stems from stem apices of flax, demonstrated the formation 
of p h} droxy ^ methylglutanc acid In each case the acids were 
probably formed as the CoA dcnvatives, both reactions required 
adenosine tnphosphatc as a source of high energy phosphate Kuzin A 
Novra} o> a (1941) desenbed a somewhat similar condensation of acetone 
and acetaldch}de to ^ hydroxyisovalcraldehyde This synthesis was, 
however, performed tn lUro and may have no direct relation to the 
biosynthetic sequence 

The Cj hydroxy acids leading to the formation of isoprene precursors 
can thus arise cither in catabolism of branched cham ammo acids, or by 
condensation of C, and C 2 umts which may come from carboh}drate 
breakdown or, in the plant, from photosynthesis The relative impor 
tanco of these dificrent routes to isoprene may vary in different 
organisms 

The intermediates of interest in this sequence are jS methylcrotonyl 
CoA and ^ h}droxymethylglutaryl CoA, which are possible precursors 
of rubber m guayule {Parthenium argentalum) (Johnston, Racusen, A 
Bonner, 1054) Anessentiallysumlarpathwayiromleucmeto carotenoids 
has been demonstrated m the mould Phycomyces blaLeslteanus by 
Chichester, Yoko}ama Nakayama, Lukton, A MacKinney (1959) 
riie formation of isoprene proceeds by the following steps 

leucine a ketoisocaproic acid isovalene acid-> 

^ hydroxyisovalenc acid 

^ h}droxy ^ meth} Iglutanc acid mevalonic acid -*■ isoprene 
Eadtoactuc carbon suppbed as Icucmc was detected in carotene, the 
labclhng Mas somewhat diluted, probably by carbon from the aceto- 
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ncctatopool. A supply of leueino was shown earlier (Goodwin & Lijinsky, 

1952) to stimulate caroteno formation in this mould. 

Mevalonic acid ia ^.S-diliydroxy-y-methylvaleric acid; 

CH3 

I 

HOOC-CHa— C-Cffj— CHa— OH 

I 

OH 

Ifc ia an cflicicnt precursor of rubber in a crude enzyme preparation 
from Ilevea brasiUnsis latex (Park & Bonner, 1958). This observation 
lias been confirmed by Kekwick, Archer, Baniard, Higgins, MeSweeney, 

& Slooro (1059) -nho demonstrated the incorporation of C‘*-Iabel!ed 
mevalonic lactone into polyisoprene in undiluted ffevea latex. Slevalonic 
acid is also metabolized to aqualene and cholesterol in several organisms 
(Tavormina & Gibbs, 1030; Dituri, Gurin, & Eabinowitr, 1057; Amdur, 
Rilling, & Bloch, 1057). Squalene is a linear triterpeno hydrocarbon 
known to bo a metabolic precursor of sterols (Schneider, Clayton, & 
Bloch, 1967). In Sac^aromyces eerevisiae it is on tho main synthetic 
pathway to ergosterol (Dauben, Hutton, & Boswell, 3958), in whicli 
methionine provides a methyl side-chain (Alexander, Gold, & Schwenk, 
1967). The methyl group is transferred from methionino viaiS-adenosyl- 
methionine during synthesis of ergosterol by cell-free extracts of 
jS’accAaromt/ces (Parks, 1958). Isovaleric acid was known earlier to be 
used in sterol ayntliesis (Zabin & Bloch, 1950). 

The branched-chain amino-acids are tJms involved in the syntlicsis 
of important non-nitrogenous compounds. Many substances physiolo- 
gically active in animals, including vitamin D, sex hormones, cardiac 
poisons, and carcinogens, arc sterols. Their functions in plants are Jess 
well knmvn. Carotenoids are widespread in plants; they are invariably 
associated uith chlorophyll and occur also in many fungi lacking this 
pigment and incapable of photosynthesis. Their functions are again 
better understood in animals, where carotenoids include vitamin A 
and the retinenes (substances concerned with the physiology of vision), 
than in plants. The phytol side-chain of chlorophyll is a terpene deri- 
vative, but its function in photosynthesis, like tliat of the carotenes and 
xanthopbylJs associated with chlorophyll, remains obscure. 

The terpenes found in essential oils and resins resemble the alkaloids 
in their sporadic occurrence in different groups of plants, in the com- 
plexity of their structure, and ia their lack of obvious function; they 
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differ in containing no nitrogen. It is sometimes stated that alkaloidal 
plants rarely produce essential oils, a generalization supported by the 
rarity of allcaloids in some of the main families producing essential oils 
(e.g. Pinaceae, Myrtaceae, Labiatae). Others, however, contain a few 
alkaloidal species (e.g. Compositae, Umbelliferae) and some (e.g. 
Lauraceae, Rutaceae) are prominent sources of both essential oils and 
alkaloids. Tlie leaves of the three species of Diihoisia, all notable 
alkaloid-producing plants, contain rather large amounts of the triter- 
penoid ursolic acid (Trautner & Neufeld, 1947). Some alkaloids, e.g. 
those of Aconitum and Delphinium (Ranunculaceae) and Nuphar 
(Nymphaeaceac), are indeed closely related chemically to the terpenes. 
The steroidal alkaloids of Solanum, Veralrum, and Cahtropis may also 
be biosynthetically related to tsopreiie. Essential oils are closely related 
to carotenoids and many alkaloids to amino-acids. Materials for the 
bynlhesia of both groups of byproducts are therefore likely to be 
available in all plants. Any rigid relation bet^veen tlieir production and 
plant classification is unlikely, though correspondences are often 
apparent between the minor synthetic products of species associated 
on morphological grounds. 

M. Biosynthesis of Aromatic Amino*acids 
(i) Ttjrosvie and phenylalanine 

Quinic acid and shikimic acid (Fig. 28) have long been known as 
plant constituents but their biochemistry was neglected until recently. 
Quinic acid received some attention as a constituent, with caffeic acid, 



QulnieacJd ShiVimlcacid 

Fio. 28. 

of chlorogtnio acid, Iho main substrate for the polyphenol oxidase tliat 
causc-s browiing in damaged tissues of apples and pears. Free quinio 
ond slnkmnc acids are now rccegnircd aa nonnal constituents of many 
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plant tissues, and as intennodiatcs in tlio synthesis of aromatic amino- 
acids by the micro-organisms (EsderiMa coU and Nmroepora crassa) 
with which this inroccss has mainly been studied. Progress in this field 
folloncd the discovery of mutants in which the normal synthetic 
sequence was bloohcd at various points. These mutants accumulated, 
in amounts largo enough for identification, different intermediates 
which in the normal organisms were promptly used in further tratisfor- 
mations and tiius were inacccssiblo to study. 

Sliikimic acid replaces tyrosine and phenylalanine in mutants of 
^scAencAia coU (Davis, 1051) and of Afeurospora (Tatum, Gross, 
EhrensvArd, & Gamjobst, 1954) which cannot form the aromatic 
amino-acids. Shigeura & Spn'tison (1952) isolated shiMmic acid from 
cultures of E. coli in which the synthesis was blocked at a later stage, 
and showed that labelled carbon supplied to the bacteria in shikimic 
acid appeared in tyrosine. These findings established shikiroic acid wth 
reasonable certainty as a precursor of the aromatic amino-acids. Further 
work with B. coU indicated two earlier intermediates, 5-dehydro- 
shikimio acid and 5-<iehydroquinio acid (Salamon & Davis, 1953; 
Weiss, Davis, & KCingioIi, 1953). 

The position of quinic acid in this sequence is less clear. Gordon, 
Haskins, & Mitchell (1950), finding it to be a growth factor for a 
Neurospora mutant, suggested that it was a precursor of the aromatic 
amino-acids. Davis & Weiss (1953) showed that mutants of Aerobacier 
using 5-dehydroquinic acid grew also with quinic acid. Quinic and 
shikimic acids are interconvertible in Lactobacillus pastorianus var. 
quinicu 3 (Carr, Pollard, Whiting, & Williams, 1957). Other organisms, 
however, lack the enzyme reducing quinic acid to 5-dehydroquinic acid. 
Quinic acid is thus apparently off the main pathway, but can be a 
precursor of aromatic amino-acids in oiganisms converting it to 
S-dehydroquinic acid. This part of the sequence may be represented: 

6-dehydroquinic acid 5-dehydroslukimic acid shikimic acid 

t 

quinic acid 

There is evidence (Carles & Lattes, 1959) that in germinating seedlings 
of ivheat and lupin quinic acid is a catabolic product of phenylalanine 
and other aromatic compounds stored in the seed, and is further 
metabolized to malonic acid. 

Some mutants ol Escherichia coli convert shikiinio add to 5-phospho- 
shikimie acid (Weiss & SDngioli, 1956); it is not, however, certain 
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whether this is an obligatory intermediate in the sequence. Another 
unidentified metabolite of shikimic acid, kno^ra as Z^, is accumulated 
by some mutants; it occurs later in the sequence than S-phospho- 
shikimic acid (Davis & Mingioli, 1953) and is believed to be an inter- 
mediate between shikimic acid (or 5-phosphoshikimic acid) and the 
next definitely established member of the sequence, prephenio acid. 
Tliis dicarboxylic acid apparently arises by a condensation of sliikimic 
acid and pyruvic acid; it is very labile, decarboxylating in acid media 
to form phenylpyruvic acid (Weiss, Gilvarg, ilingioli, & Davis, 1954). 
At pH 7 its half-life at room temperature is 130 hours. Prephenic acid 
is a close precursor of phenylalanine, the amino analogue of phenyl- 
pyruvic acid. It is also a precursor of p-hydroxyphenyllactic acid 
(Ghosh, Adams, & Davis, 1956), which probably leads via p-hydroxy- 
phenylpyruvic acid to its amino analogue, tyrosine. p-Hydroxyphenyl- 
lactio acid may, hou ever, be a side-product rather than an intermediate 
in the sequence leading to tyrosine (Schwink & Adams, 1959). Prophenic 
acid accumulates in a mutant of Neurospora crassa unable to form 
aroraatio amino-acids (iletzenberg & SlitchcU, 1956). 

Enzymes catalysing the following stages Iiave been prepared and 
partially purified: 

5-Dehydroshikimic reductase 

5-dehydro3hikimic acid + TPNH^ shikimic acid + TPN 

(from Atrobacler acrogencs, E, coli, yeast, peas, spinach leaves; Yaniv & 
Gilvarg, 1955). 

5-Dehydroquinase 

O-dchjdroquinic acid ^ 5-dehydroshikimic acid -f HgO 
{Acrobacicr, E, coli; Shtsuhasbi & Davis, 1954 ). 

Quinic dehydrogenase 

quinic acid + DPX 5-dchjdroquinic add + DPNHj 
{Atroiacicr; llitsuhashi & Davis, 1954). 

In eoii-sidering possible carbohydrate precursors for sliikimic acid, 
^^hlch has seven carbon atoms, a heptoso has obvious advantages. 
Battcnal extracts incorporated some labelled carbon into shikimic acid 
from MHlohcptulose-T-phosphate, but tho yield was only about 5 per 
cent, as with various hcxo>e phosphates and diphosphates (Kalan, 
Daws, bnmyasan. &. Sprinson. 1956) Sedoheptulose- 1 . 7 -diphosphatc. 
on the other hand, w as cfiicicntly converted to shikimic acid (Srinivasan, 
..pnnson, Kalan. & Davis. 1Q56). but the contnbutiona of different 




210 BIObYNTHESIS OF AMINO ACIDS 

carbon atoms of the heptoae to the molecule of shikimic acid, as 
established by labelhng expenments, were inconsistent with its direct 
cj chzation The data favoured its cleavage to fragments ivith three and 
four carbon atoms, sedoheptulose was, moreover, completely re- 
placeable as a precursor of shikimic acid by a mixture of plios- 
phoenolpynivate (3 carbon atoms) and eiytlirose phosphate (4 carbon 
atoms) The heptose diphosphate, although an excellent precursor for 
the aromatic amino acids, is thus not an obbgatory mtcrmediate in 
their formation 

Dehydroslukimic acid is converted m Neurospora crassa (Tatum, 
Gross, Ehrensvard, L Garnjobst, 1954, Gross, 1958), andinavanety of 
Pseudomonas oiahs (Hatton, Yoshida, & Hasegawa, 1958) to proto 
catcchuic acid (3,4 dilijdroxybenzoic acid), another simple aromatic 
compound Tins is a more direct route to the aromatic nng than via 
prephemc acid There is evidence (Shiinazono. Schubert, & Nord, 1958) 
that the wood rotting fungus icnhniw/cptdcus synthesizes the aromatic 
compound methyl p methoxycinnamic acid from glucose via shikumc 
acid The biosj’nthcsis of aromatic ammo acids m micro organisms is 
summarized m Fig 29 

Studies w ith micro organisms have thus substantiated and extended 
the suggestions of Dangsehat Fischer (1038), who suggested, on mainly 
chemical grounds, the biosynthetic sequence 

glucose quinic acid -*• shikimic acid aromatic compounds 
There is some evidence, apart from the widespread occurrence of quinic 
and shikimic acid, for these synthetic pathways m higher plants 
Brown Ncish (1954, 1955) showed that in wheat {Tuticum tulgare) 
and 111 maple {Acer negundo var interim) phenylalamne labelled w^th 
C^* was an encctive precursor oflignm, incorporation of labelled carbon 
from shikimic acid was as efficient as from phenylalanine Acerbo, 
Schubert, &. Nord (1958) supplied labelled p hjdroxyphenylpyruvic 
acid to a grow ing sugar cane plant, and show ed that it was incorporated 
as a unit, without disruption of the phenylpropane skeleton, into 
lignin Nord and his co workers also provided evidence that m sugar 
caiio labelled shikiinio acid was a precursor of bgnin It thus seems 
hUlj that Iho C,— C, (phcn>Ipropane) Btrueturo of phcnylalanmo and 
tj rosme n h.cli la alao the unit structure of lignin, dcni cs from shilimio 
acid 111 higher plants as in microorganisms In npcning ivheat cars 
supplj of phenj Ipj rui ic acid induced a a cry octu c sj nthcsis of phenyl 
alanine, the nitrogen u=cd coming mainly from glutanuo acid and 
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glutanuno (Krotovich &; Uspenskaya, 1959). Krctovich & Uspenskaya 
(lOoS) sijo\ve(I that glutamic acid transaminated with plicnyjpyruvic 
acid to form phenylulaniiio in homogenates of pea seedlings; other 
amino-ncids tested wore much less active donors of amino-groups. In 
wheat and another grass {Catamatjroslis inexpaiisa) tyrosine was a 
precursor of lignin; it was inactive in cloven other species from ten 
families (Brown <1: Ncish, 1950). PhcnyJalanino seems a more general 
precursor of lignin. Tlio aromatic amino-acids would, of course, be 
deaminated before utilization of their carbon skeletons in lignin for- 
mation. Twigs of spruce {Picca exccUa) form lignin from labelled 
phenylalaiiino by t!ie sequence shown in Fig. 30 (Freudenberg & 
Xiedcrconi, 1953). 



SlcCalla & Neish (1969o) showed that in Salvia sphndtm (Labiatae) 
shiltimic acid labelled ivitli C“ was an effective precursor of both phenyl- 
alanine and tyrosine. Qoinio acid was converted into sliikimio acid, 
phenylalanine, and tyrosine in rose cuttings (Weinstein, Porter, & 
Laurencot, 1959). In wheat (Tritimm) and buckwheat (Fagopyrum) 
phenylalanine and its precursors (phenyllactio acid, phenylpymvio 
acid) were hydroxyiated to form tyrosine (Gamborg & Neish, 1959). 
McCalla & Neish (19596) found phenylalanine (but not tyrosine) a 
good precuraor of eaffeio ( 3 , 4 -dlhydroxycinnanuc). p-coumane (4- 




212 


BIOSYNTHESIS OF AMINO ACIDS 


hydroxyciniiamic), ferulic (3 methoxy-4 hj droxycinwamic) and sinapic 
(3,5-dimethoxy 4 liydroxycmnanuc) acids These acids all have the 
C 4 — C 3 carbon skeleton of phenylalanine, ivith a double bond m the C 3 
aide chain They are widely distributed among plants and appear to be 
precursors of hgnm The following scheme is suggested for their inter 
relationships in the plant (McCalla &, Neish, 1959&) 

Tyrosine 

t 

p Hj droxyphcnylpyruvic acid 

Shikimic acid -*■ Prephenic acid -»• Phenylpynivic acid -*■ Phenylalamno 
Phenyllactic acid 

Sinapic acid ^ Ferulic acid ♦- CafTetc acid p Coumaric acid ■<- Cinnamic acid 

4 4 

Lignin Lignm 

Lignin IS generally considered to be a nitrogen free substance Lignins 
from annual plants, houever, contain 1-2 per cent of mtrogen, which 
18 very tenaciously retained during purification and may be an integral 
part of the molecule They yield amino acids on hydrolysis (Meyer & 
Bondi, 1962) Ter Karapetyan A Ogandzhanyan (1960) also found 
matcnal yielding ammo acids on hydrolysis to be firmly bound to 
hgnin, cellulose, and hcmicellulose from herbaceous plants ^Vhitehead 
A Quicko (lOCO) found that hgmn from grasses contained mtrogen, 
partly m N methyl groups, after repeated purification with dioxan 
The shikmuc acid pathway is probably not the only biosynthetic 
route for aromatic compounds The ongm of the benzene nng from 
aceUto units was considered by Colhe (1907) and by Robinson (1955), 
the idea has experimental support for the synthesis of 6 methylsahcyhc 
acid and of gnscofuU in by Pemcxlhum grueofuhum (Birch & Donovan. 
1953, Birch, Massy Westropp, 4. Moye, 1955, Birch, Massy Westropp, 
Rickards, L Smith, 1957) In buckwheat (Fagopyrum) one aromatic 
nng of quercitin appears to anso from shikimic acid and another from 
acetate (Underhill, Watkin, 4 Neish, 1057 ) 

(11) TryitopJian 

iildea (1910) showed that bactena formed tryptophan from indole 
It was later established (Umbrcit Wood, 4 Gunsalus, 1040, Yanofsky, 
I9u ’) tint m Xcurospora crassa and Enehtnchia colt a phosphopyndoxal 
«izjme cataljbcs the condensation of mdole and senne to tryptophan 
Ihcrc IS also evidence that shikimic acid is a precursor of trjptophan, 
and so presuinablj of indole, in £ co/» (Davis, 1951) Other compounds 
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Tryptophin 

Fto. 31 . 
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Tised in tryptophan synthesis by some micro organisms mclude mcotmic 
acid (A'eiirospora Beadle, ilitchell, Kjc, 1947) and anthramhc acid 
(bactena Snell, 1943, T^turosTpora Tatum, Bonner, & Beadle, 1944, 
Uturospora and E coh Yanovsky, 1955) 

Yanofsky (lOoGa, 6, 1957) clarified the intermediate stages between 
anthramhc acid and tryptophan He prepared tuo protein fractions 
from extracts of E coh Fraction A converted anthramhc acid, in the 
presence of magnesium ions and of 5 phosphonbosyl 1 pyrophosphate, 
to indoljl 3 glycerol phosphate, Arhich fraction B converted to mdole 
and tno«e phosphate (Fig 31) The indole was then condensed with 
scnne by tryptophan synthetase to form tryptophan The available 
evidence suggests that this pathuaj occurs in Salmonella typhtmunum 
(Brenner, 1955, Lingens A Hellmann, 195?) and m Neurospora (Tatum, 
Bonner, A Beadle, 1944) as well as in £ coh In Saccharomyces some 
other pathway appears to operate (Parks A Douglas, 1957) Indole may 
not be an intermediate m all species, as tryptophan could be formed 
from indoljl 3 glycerolphosphatc without production of free indole 
Anthramhc acid may arise »n tuo from shikimic acid It is formed from 
5 phosphoshikimic acid and glutamme by an enzyme in cell free extracts 
of Est^cnchxa eoh (Snnivasan, 1939) Glutamine was much the most 
effective amino group donor tested, sbght synthesis occurred also with 
asparagine, glutamic acid, and ammomuni chloride 

The sjmthcsis of trj-ptophan in lugher plants remains little known 
Tliey produce numerous derivatives of anthramhc acid and of indole, 
the free compounds, recorded mainly from essential oils, may be arti 
facts ansmg by the breakdown of more complex precursors during 
processing Poljanovski & Krctovich (1957) infiltrated shoots of pea 
seedlings with po&siblo precursors of tryptophan and determined their 
tryptophan content 12 hours later Considerablesynthesiaof tryptophan 
followed infiltration of senno plus indole or of senne plus anthranilic 
acid Indole alone gave little synthesis and senne alone gave none It 
thus appears that trjptophan is fonned in the pea from senne and 
indole the latter arising from anthramhc acid Tlie formation of mdole 
denvalivcs from tjTo»me has been demonstrated m studies of the for 
niition of melanin mainly with aminal matcnal (Raper 1920, 1927, 
Itccr Chtkc Kliorana A Robertson 194Sa b) 

N Dlos>nthcsls of Histidine 

Hie biosMillicsiH of liistidmc has been studied almost exclusively m 
micro-or.amaras Studies with Ubcllcd metabolites indicate formic acid 
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phospliate, 'which is hydrolysed to histidinol by a specific phosphatase 
(Ames, 1957o). 

The origin of the imidazole ring has been studied using mutants of 
E. coU. Guanine can supply the N — 3 atom of the imidazole ring of 
histidine, together with an adjacent carbon atom (Slagasanik, 1956), 
adenine is, houe'Fer, a more efficient precursor (iloycd & Magasanik, 
1957; Neidle & Waelsch, 1959). Glutamine is an efficient and apparently 
somewhat specific source of the N — 1 atom; it is not replaceable by the 
amide group of asparagine, the amino groups of aspartic and glutamic 
acids, or ammonia (Neidle & Waelsch, 1959). The purines are replace- 
able by aspartic or glutamic acids as sources of the N — 3 atom. 

O. Arginine^ CitrulUne, Ornithine, and the Urea Cycle 

The formation of ornithine from glutamic acid has already been 
mentioned. In mammals (Krebs & Henseleit, 1932) and reptiles 
(llandcrscheid, 1033) urea is formed from ammonia and carbon dioxide 
by a cyclic process involving ornithine, citrullinc, and arginine (Fig* 33). 
Evidence of similar reactions was obtained by studies of mutants in 


Urct OnuUuM 



Arginine. NH,.C NH NH.CH,.CH, CH, CHNH, COOH 
Ornithine: NH, CH, CH, CH,.CHNH,.COOH 
Citmlline: NH, CO.NH CH,CH,.CH,. CHNH, .COOH 
Fio. 33. 

Neuro$pora (Srb & Horowitz, 1944; Fincham, 1953), PenicilUum 
(Bonner, 1946), and Aspergillus (Pontecorvo, 1950). In Streptococcus 
/acjMhs (Jones, Spcctor, & Ijpmann, 1955), Serratia marcescens 
(Glaszjou, 1956), and mung bean mitochondria (Bone, 1959) carbamyl 
p osp en intermediate in tho formation of citruUine from ornithine, 

ansea from carbon dioxide and ammonia as shown below; 

ATP, 

CO, + NH, HjN.COOH HjN.COOPOgH, 

carbamic acid carbamyl phosphate 
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In animal tissues if-glutamyl derivatives such as iV^-carbamylglutamic 
acid, -ST-formylglutamic acid, or AT-acetylglutamic acid are required 
(GrisoHa & Cohen, 1953; Hall, Metzenberg, & Cohen, 1956), but their 
participation in the reaction has not been shown for micro-organisms. 

The formation of arginine from citniliine has also been separated into 
two enzymatic stages. CitruHine and aspartic acid condense in the 
presence of adenosine triphosphate to form arginosuccinic acid, which 
is then split to form argimne and fumaric acid (Ratner, Retrack, & 
Rochovansky, 1953). The same compound is formed from arginine and 
fumaric acid by enzymes from peas and lupin seeds (Davison & Elliott, 

1 952) and from Chlordh. pyrenoidosa and seeds of Canavalia ensiformis 
(Walker & Myers, 1953). A similar condensation of fumaric acid with 
canavanine, catalysed by enzymes from C. oisiformis and from various 
micro-organisms, produces canavanosuccinic acid (Walker, 1053), 
The reactions involved may be summarized as follows: 


cltrulllne -4- aspartic acid 


H 

H 

COOH 

ATP 1 

1 
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, K ( 

' N— 

— CH 



CHNH, coon 

I 

COOH 


arginosuccinic acid 


The condensation of citrulBiio ivitli aspartic acid is the major 
pathway of urea formation in the Jiver, other amino-acids being con- 
verted to aspartic acid by transamination (Kluge, 1056; Braunslcm, 
1957) The key position of aspartic acid in this process is shown by the 
supression of urea synthesis when a-melhylaspartic acid is added to 
liver preparations. This substance, an antimetabotito of aspartic acid, 
Bpeciflcally inhibits its condensation with citrullino to form argmo- 
BUccinio acid It does not affect other reactions of the ornithine cycle 
(Braunstein, Severina, & Babskaya, 1956). TI.e conclusion that aspartic 
acid is a major precursor of urea in mammals was also reached by 1 on 
ICnierem (ISl-l), on rather slender evidence from feeding tests with 

intact animals. . ai_ v 

There are some indications that formation of urea m the hver is 
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more complex than the Krebs Henselcit cycle indicates Gornall A 
Hunter (1943) showed that ornithine was more effective than citnilline 
as a catalj st of urea synthesis in rat liver This vv as confirmed by Bronk 
Eisher (19oG) who proposed a combination of two cycles, each 
involving hypothetical denvatives of ornitlime and citrulline Della 
Pietra, Rogham, Roghani, di Andrcucci (1959) found that preparations 
from rat liver formed urea from carbamylaspartic acid witli ornithine, 
but not with citrulline unless adenosine triphosphate was added AH 
these observations are hard to interpret on the basis of the simple 
ormthine ejcle, but seem to require its modification rather than its 
abandonment 

Arginase, which catalyses the breakdown of arginine to ornithine 
and urea, is known from animals (Kossel & Dakin, 1904), jeast {Shiga, 
1904, Ddlbacher, Becker, L Segesacr, 1938), higher plants (e g Angelica 
syheilns, Tnfolium pratense) (Kie«el, 1911, 1922a) and higher fungi 
(Yamamoto, Entate, A iliwa, 1953) It occurs m Canaialta ensifomns 
(Damodaran L Narayanan, 1940), Airopa belladonna (James, 1949) 
Dohehns lablab (Vaidyanathan d, Gin, 1953), and Pinus pinaster 

(Guitton, 1939) Fnes (1953) showed that omithmc or citrxdhne satisfied 

the arginine requirement of excised pea roots There is evidence that 
the ornithine cjcle occurs lofeoybean leaves (Racusen & Aronoff, 1954), 
groundsel (Senecio wlgaru) roots (Skinner d. Street, 1954) and seedhngs 
of wattrraelon {Ctlrullus tulgans) (Kasting A Dclwiche, 1953) and pea 
(Rcifer A Buraczewski, 1958) 


P. S>nthesis of Lysine 

The biosynthesis of lysttic is not fully understood m any organism, 
particularly little is known about it m higher plants Complex inter 
relations exist or arc suspected between Ijsme and other straight-chain 
or cjclic acids wnth 0 carbon atoms, including a ketoadipic acid, 
a aminoadipic acid, a keto e ammocaproic acid, c hj droxy x ammo 
caproic acid, pipccohc acid and d* pipendine 2 carboxylic acid 
Lj smo arises m some bactena by decarboxylation of a c diammopimelic 
acid (Dewe>, Hoare, A Uork. 1954) but the known distnbution of this 
ammo acid is limited and it seems unlikely to provide a general pathway 
to l^sint Da\is (1952) showed that it could replace Ijsino for some 
mutmU of Each^nehta coU m w luch it may be formed by a condensation 
of ^partic acid with pjTuvic acid (Abelson Bolton, Bnttcn, Cowie. A 
rts, 10<>3) Acetate and succinato seem to be precursors of a 
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ketoadipioacidaAdlysmeinyo™<oim»i---<MSt--“"^^ 

1953). 

O Svnthesis of Sulphur-containing Amino-acids 

■ The nielaLoHsni of these 

and in micro-organisms, pa y u (1947) studied four 

information is -ailable for higher 
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THE BREAKDOWN OF AMINO-ACIDS 


A. General 

Several pathways of breakdown exist in plants, some are available 
to all or most amino acids, others to a few only These catabohc pathn aj s 
have been more thoroughly studied in animal tissues and in micro* 
organisms than in plants iluch evidence cited in this section therefore 
comes from organisms other than higher plants It is relevant here 
becau^ where comparative data arc available the mechamsnis of brcak- 
dovm in higher plants resemble those of other organisms This general 
aunilantj does not, however, exclude particular differences, and 
cannot assume that metabolic sequences estabbslied for one orgamsiu 
necessarily occur m another. 

B. Oxidation by Polyphenol Oxidase Systems 

The first polyphenol oxidase to be studied was found (Yoshida, 
1883) m the latex of the lac tree {Rhus ternictfera, Anacardiaceae), it 
initiates the complex senes of changes transforming this latex to the 
hard shining black pigment used in Chinese and Japanese lacquer work. 
Enzymes of this type were first called laccases and later tyrosmases, 
neither being particularly appropnate, polyphenol oxidase is now 
generally used Bertrand (1894, 1895a, 6) prepared oxidizing enzymes 
with a wide range of substrates among aromatic compounds with a 
hydroxjl or ammo group He found enzjmes of this type in vanous 
organs of many plants, including Rhus succedanea (another lac tree), 
beetroot, apple, asparagus, canna, carrot, clover, dahha, lucerne 
(alfalfa), j)car, potato, quince, turnip, and others, though they appeared 
to bo absent from some species Purified polyphenol oxidases from 
potato (Kuhowitz, 1937, 1938), mushroom (Psalhota campeslns) 
(KeiUn L ilann, 1938) and Rhus suaxdanm (Keihn L Mann, 1939) are 
all copi>er proteins 

In some tissues, e g carrot root (ilarsh &, Goddard, 1939), spinach 
leaves (Bonner A Wildman, 1946) and leaves of the tea plant 
(Cawel/ia sinensis) (Srecnagachar. 1943 Li ABonner, 1947,Bokuchava, 
1940, 1948, Roberts A Wood, 1950), polj phenol oxidases are important 
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dole 2 carboxjhc acid, 5,0 dih>drox>mdole, and indole 5,0 quinonc, 
the last of these polyincnzes to produce the black pigment melanin 
(Raper, 1920, 1027, Beer, Clarke, Khorana, Robertson, 19186) 
Tjrosine is a precursor of dark pigments in the pod of Vxcia faba 
(Bourquelot i Henssej, I80S) and in injured tubers of potato (Haelin, 
1919, Onslow, 1019, Schmalfusa & Buinbacher, 1943) and dahlia 
(Bertrand, ISOGa, h) Boswell (1945) found, however, that potato pol> 
phenol oxidase oxidized tjrosinc only slowly, and that the cnz>mc- 
tyrosine system did not deaminatc gljciiie Cnzjme diphcnol sj stems 
from potatoes oxidized gljeme and other ammo acids Steward, Berry, 
Preston, L Ramamurti (1943) also considered the plicnolaso sjstcm of 
potato tubers to be in\olved m deamination of ammo acids 3,4 
Dihydroxyphenylethylaniinc (hydroxytyraminc) is a subatrate for 
polypbenoloxidaso in fruits of banana {2Jusa sp ) (Onfliths, 1959), 
and probably of broom {Sarothamnus scoparius) (Scbmalfuss, Barth 
meyer, A- Brandcs, 1927) Tjrosmc residues m proteins can bo oxidized 
m situ to dopaqumonc residues (Lisaitzky, Rolland, Lasry, 1000) 
Polyphenol oxidases, or rather the quinoncs produced by their 
action on \ arious natural substrates, arc efficient oxidants for some, but 
not all, ammo acids Their importance tn tiio, and tlieir relation to 
metabolic processes utilizing the ammonia produced, can hardly bo 
assessed on the information now available 

Rubm & Ivanova (1958) compared the oxidation of ammo acids 
m the cabbage variety Amager, which is resistant to Botrytis cincrea, 
and m the vanety Number One, which is non resistant to this fungus 
The resistant vanety had a much higher content of almost all the 
ammo acids studied, and also a more active ammo acid oxidation after 
infection The authors attnbute a protectiv e role to the oxidizing sj stem 

G General Amino>acid Oxidases 

Enzymes oxidizing a wide range of ammo acids occur sporadically 
m animals, bacteria, and fungi but are not known from higher plants 
A soluble enzyme from Neurwpora crassa (Bender A, Krebs, 1950, 
Thayer & Horowitz, 1951, Burton 1951) was very active towards 
alamne, a aramobutyno acid a aminovalenc acid, a aminocaproic acid, 
a ammoadipic acid a ammopimelic acid leucine, methiomne, cjstine, 
ormthme, histidine and phenylalanine fairly active towards arginine, 
citnilline, canavanine glutamine glycine senne, vaUne, isoleucinc, 
tyroame, tryptophan lysine and glutamic acid, abghtly active towards 
aspartic acid and threonine and mactive towards proline The pros 



GENERAL AMINO-ACID OXIDASES 223 

thetio group of tho enzyme in flavin aflenine dinucleotido (Burton, 
1951); the overall reaction which it catalyses is: 

R.CHNHj.COOH + O2 ->-B.COOH + NH3 + COg. 

Keto-acid 3 arc first formed, a general initial step in 
ivciouLiua Knoou 1910), but are oxidized by 

speeiesofPenie.71.uinan.uso^Wee 

to tlie eonesponding “ “'f j amoved any hydrogen 

because catalase present in tn 1 " 

peroxide. The overaU reaction involved is: 

RCHNH„COOH-HO, = B.CO.COOH-hNH,. 

■ • 1 t le first dehvdrogenated to an immo-acid. 

The amino-aoid is probably J j y „ animal 

whieh hydrolyses --“^^“"er Gather . Das, .938): 
preparations (Krebs, 1033, buler, au , 

-2H 

R.CHNHj.COOH i-R.C=NH 

looH-i^-^B-CO.COOH-hNH,. ^ 
Myeelia of XTeould arise either 

bytheaetlonofann-amiuo-aeid oitidas y ^eroturter uero- 

n-amino-aeid (Stumpf & Green, 

jenea.P™(eusvu;!,ur.s,ai.d Pseado«^?.^.^^_^ C. sperejsa« 

1044), and from oxidases oceur m 

(Rosenberg & Nisman, Puziss, & Knight 1950); 

some moulds (Horowitz, Be'rnheim, & Webster 

some baeteria oxidize -““"“.“‘‘VuUheir range of substrates seems 
1935; Webster & Benilieim, ' „f the general amino-acid 

smaller than in the moulds. Th ^ consLr that single enzyines in 
oxidases is uneertaiii; some workem ^ ^ Edlbacher & 

this group have very wide s-hstore ^nox, & Ore n 

Grauer (1944), Stumpf * ® ‘ ' exist for some at least of i 

(1949), hold that individual enzym 

amino- acids. cereaM and of pea (Pis“"‘ 

Homogenates of rye J "“'imosplierie oxygen being co i- 

oxidize a wide range of & Uspenskaya, 19a.). 

sullied (Kretovich& Drozdova. 1948, 
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It IS not clear \vhetlier the preparations contain a single enzyme of lo 
specificity, or more numerous enzymes specific for individual amini 
acids Oxidation of some ammo acids may he mdirect, the carbo 
chain being broken down after loss of the aimno group by transammi 
tioii Both rjo and pea preparations oxidized glutamic and aspart: 
acids more actively than any other ammo acid tested In each cai 
oxidation of glutamic acid was more active than that of aspartic acn 
The Russian authors found the same preferential oxidation of aspart 
and jiarticularly glutamic acid by polyphenol oxidase iii seedlings < 
sunfiowcr {Helianihua annuus) 

D Decarboxylation 

The ammo acids kiioim to bo decarboxylated in vivo are listed i 
Table 7, together with the products of the reaction These products a; 
amines, except i\hcn one carboxyl group only of a dicarboxyho anim 
acid IS attacked, forming a non a amino acid Most of tho amines i\e: 
first recognized as products of bactcnal breakdown of protein Gale az; 
his asaociates made a wide survey of ammo acid decarboxylation I 
bacteria, and studied intensively some of tho enzymes involved (Gal 


Table 7 

Ammo ock/s mid their naturally occurring decarboxylation products 


Amino-acid 

Dccarborylation product 

References 

VoUno 

Isobutylamino 

Neuberg A Karezog 
(1000), King (1953) 

L»o}ciJCjno 

p Alctliylbutylamino 

Proom A Woiwod (IOC 

Loucino 

Isooiuylumino 

Aral (1021), lung (10£ 

Lj <ino 

Cadavcnjjo 

Ladenborg (1880), Golo 
Lppa (1944) Ambo A 
Sohonio (1050) 

Onulhmo 

I’utrviKino 

Von Udrdnaky A 
Baunumn (1888) 
ia>Ior AGalo (1046) 

Arxioina 

Agimtino 

Galo (1910a), Tajlor A 
Galo (1045)] Ambo A 
boliomo (1050) 

1 iK-nj UIai mo 

0 tiM'n>Iclh>lAmmo 

Jcftimcrct (1877), 
Guuticr A Etunl (1882 
1* nuncrlmg (1807) 
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Table 7 (Cmlinued) 

Amino-acids and ihdr naturally occurring decarbocylalion products 


Amino-acid 

Tyrosine 


Decarbmcylalion product 
Tyramine 


References 

Gautier & Jlourgues 
(1888); Ackermaim 
(1909); Barger & 
Walpole (1909); Gale 
(1940b); Epps (1944) 


3,4-Dihydroxyphenyl- 

alanino 


Hydroxyty*^^® 

(3,4-Dihydro3cy phenyl* 

ethylamine) 


Schmalfuss & Heider 
(1931)! Epps (1944)! 
GrBSths (1959): Ambe & 
Sohonie (1959) 


Histidine 

Glutamio acid 

yMethyleneglutamlo 

acid 

Aspartic acid 

Tryptophan 

Diaminopimelic acid 

Serine 

Glycine 

Alanine 

a-Aminobutyrio acid, 
y-aminobutyric acid 


Histamine 

y.Aminobulyric acid 

y.Amino*a*roethylene* 
butyric acid 

^•Alanine 

Tryptanii”® 

Lysine 

^^niinoethanol 

Methylamino 

Ethylamine 

Propylamine 


ickermann (1910); 
Berthelot & Bertrand 
19120)! Epps (1843); 
Ambe & Sohome (19 j9) 

ibderlieUen, Frommo. & 
Himch (1913)! Okunuki 
[1939)5 Schalos, Mims, « 
Schales (1946) 


Ackermann (1911). 
Virtanen & 

Ambe & Sohonio (1959) 

Berthelot * Bertrand 

(1912b); Gale (1946 . 

Weissbach et at, 

Jlitoma * Udonfnend 

(1960) 

po„cy, Hoare. & Work 
(1954) 

Nord (1919); Stetten 

(1942) 

Sclimidt(1875)^ 

Emmcr mg (1897^ 


, (1857); Stein vo 
enski (lOSm) 

von Koinienski 
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Table 8 


Occurrence of decarboxylation products of anniio acids 

Decarboxylation 

product 

Specteafrom uhteh 
recorded 

References 

y Ammobutync acjd 

Widespread 

Dent et al (19-17), 

•\\astaU (1950) 

P Alanine 

\\ idcspread 

Hulnio A. Artlimgton 
(19o0), Steward el al 
(1951) 

y Ammo a methylene 
butync acid 

AracJita hypogaea 

Fowden d. Done (1953) 

Isoamylamino 

Widespread 

Klein A Sterner (1928), 
Stem von Kamienaki 
(1957a) 

Isobutylammo 

Derheria tulgaria, 
Mahonta aqwfobum, 

Rosa sp , Vt&umun» 
lantana, 5 epccies of 
Araceae, 6 species of 
Cro^ae^iis 

IQem Sterner (1928), 
Stem \ on Kamienski 
(I0o7a) 

Codavcnno 

tuberosum, 
Pisum aatitum 

Yoshimuxa (1934), 
ALettmcn (1965) 

Tutrcscine 

Datura stramonium, 
Atropa belladonna. 

Citrus spp Pufum 
sativum 

Ciamcion i. Ra\ enna 
(1911). Gons A. 
l^arsonneau (1921), 
Hiwatan (1927), 
Cromwell (104^), 

Herbst A SneU (1948), 
^Lettmen (1955) 

Agmatmo 

ylm&ro«ia arUmtsifoha, 
^tcinus communis 

Secale cereals Pisum 
sativum 

Hcyl (1919), Kiesel 
(19246), ilourgue ct al 
(1953), SLettmen (1955) 

IKstammo 

UrtKa urens, socral 
species of Chono 
podioccao 

Emmclm A Feldbcrg 
(1947), Werlo & Roub 
(1948) 

T> roimno 

&aroUianinus scopartus 
llordcum « 2 /ibum» 
Crtnum yuecaeJUxnm 
ftc\ cral species of 
Loronthoccaa 

Crawford A \\ otanabe 
(1914, 1916), 
bclimalfuss A Ileidcr 
(1931), Ersparocr A 
Falcomcni (1952), 
Correale A Corteso 
(1953), Fowden A Done 
(1054) 
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Table 8 {Coniinued) 

Occurrence of decarboxylation products of amino-acids 


Decarboxylation 

prodtict 

Hydroxytyrainiiio 


Species from uhich 
recorded 

Sarothamnus scopartus, 
Mxtsa aapientum 


References 


Schjimlfuss & Heider 
(1931); Correale & 
Corteso (1953); 
Griffiths (1959) 


Tryptamino 

5.Hy«lrox>'tryptamLno 

Amlnootiianol 

(ethanolamino) 

Jlethylamino 

Ethylamiiio 

^.Phenylethylaraino 

Propylamine 


Acaci'a floribunda, A. 
longifoiia, A. pruinosa 

Ananas eomosus; 
Gossypinm hirsutunii 

Symploearpus foetidus; 

Jdueuna pruriens', 
Musa sapierUum 

Crataegus sp., Pinna 
sylustris, Ptsum 
sativum, various higher 
fungi (No record 
completely certoin; 
derivatives of the base 
are widespread) 

Mcrcurialis annua. M • 
perennis, riumerous 
other species 


Bryonia dMca, Arum 
%lalicum. A. tnactdalum 

Crataegus (8 sppO. 
Pyrus comjnums, 
Comus sanguima. 
Vtncetoxicum ejpetnate 

Claviceps purpurea 
(ergot) 


Bruce (1960); 

Bowden et al. (1954); 
Bulortl & Leopold (1958); 
Waalkes et al, (1958); 
Cartier et al. (1958) 

Kiesel (192Sc); Hyde 
(1953); Neu & Fiedler 
(1954); Possingham 
(1956); Stein von 


Schmidt (1875); 
Cromwell (1949); 
Stein von Kaituenski 
(19570) 

Stein von Kamienski 
(1957a) 

Stein von ICamienski 
(1957a) 


Stem von Kamienski 
(19676) 


• ' iiUtirliiie Ivsine, ornithine, tyrosine, 
I04G). Decarboxylases the l^ine enzyme also attacked 

and glutamic acid were highly ^ diliydroxyphenyWanine, 

hydroxylysine, the ‘y-'™ “^^^^^^droxyglntamic acid. The 

and the glutamic acid >=”XrtetL thJBtiU accessible to the enzym 

hataS toriisTof serial decarboxylases, but it sti ac s 
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enzymes for many common amino-acids. Glycine and alanine, for 
instance, arc not known to be decarboxylated. Their expected decar- 
boxylation products, methylamine and ethylamine, occur in some higher 
plants; the latter appears to be a rare constituent; either may arise 
by processes other than decarboxylation. Threonine appears to be 
decarboxylatcd in Streptomyces grisms, where it is a precursor of the 
aminopropanol part of the molecule of vitamin B 12 (Krasna, Eosen- 
blum, & Sprinson, 1057). Table 8 shows some occurrences of decarboxy- 


lation products in plants. 

The only products of amino-acid decarbojcylation kno^vn to occur 
wdely in higher plants are y-ammobutyric acid, ^-alanine, and 
isoamylaraine; y-aminobutjTic acid alone is produced by a widely 
distributed decarboxylase. Mazelis (1959) obtained a methionine 
decarboxylase from cabbage leaves; the decarboxylation product was 
not identified. Werlo & Raub (1948) found histamine in several higher 
plants, including Chenopodium bonus-henricus and Spinacea oleracea. 
The flowers had the highest concentration of the amino and seeds very 
little. Appel & Werlo (1959) confirmed the occurrence of histamine in 
Sptnaeca ohracea, finding also A'*acctylhistamine, .^Tj^T'dimethyl" 
histamine and traces of trimethylhistamine. Formation of histamine 
w as attributed to decarboxylation of histidine. Seedlings oiSarotkamnus 
scoparius (broom) decarboxylatcd dihydroxyphcnylalanine to hydroxy- 
tjTaminc, recorded in this species by Scbmalfuss & Heider (1931). 
iUthough intact spinach seedlings decarboxylatcd histidine their 
aqueous extracts and homogenates failed to catalyse the reaction. 
Grassmann & Bajerie (1934) obtained no decarboxylation of amino- 
acids by preparations from amine-producing flowers of various species. 
Similar negati\ o results w ere reported for flow era of Crataegus fecunda, 
C. monogtjna, and sclerotia of Claviceps purpurea (Stein von Kamienski, 
19o7fc). The chemically altractivo theory of amino formation by 
decarboxylation of amino-acids lias thus received very little experi- 
mental aupiKirt in higher plants. Tlic observation (Wcrle & Raub, 1948) 
that intact plants carry out a decarboxylation not duplicated in extracts 
suggcats that further work is necessary before the idea can be regarded 
as definitely disproved. 


Ambo ik Sohonio (1059) studied the decarboxylation of aspartic 
acid, arginine, histidine, lysine, tyrosino, and dihydroxyphenvlalanino 
by aciucous extracts from so«la of the legumes Cajanus indteus. Ciccr 
uritfuium, DoUchos UilUib I^ns rsetiJentum, Pi 4 um anense, P. sativum, 
Phascolus aconitifolius, P nurtits, Ficia faba, and Vtgna catjang. 
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Enzymes producing carbon dioxide from these amino-acids were 
widespread among tlio species tested. Otlier products of deearhoxy- 
lotion ivcro not identified. 

Stein von Kamienski (1967o) used an improved technique to study 
the distribution of amines in 220 species of ilowering plants; 75 con* 
tained isoanjylamine, 25 mcthylamine, 19 trimethylamine, 16 /?* 
pheaylcthylaminc, 15 isobutylamine, 3 (Arum iialtcum, A. maculatum, 
Bryonia dioica) ethylaminc, and one (Ucradeum sphondylium) dimethyl- 
amine. Jlethylamino is apparently widespread in traces. In Mercurialis 
perennis it arises (Cromwell, 1049) from methylaminoethanol, an 
intenuediato in the biosyntlieais of choline: 

Clla— CHjNH— GHjOH »• CHa— NHj -f CHjOH— COOH + HjO 

+3 0 

Methylaminoethanol Jlcthylaraine 

Stein von Kamienski (I957i) suggested tJiat methylamine and 
dimethylamino may arise by the action of mono-amine oxidases on 
trimethylamine; the last compound is formed from choline by bacteria 
(Cohen, Nisman, & Raynaud, 1947) and by an enzyme oi Chenopodium 
vulvaria (Cromwell, 1950); 

HO— NiCHgla— CHa— CHjOH -> (CH3)3N + HOCHs-CHjOH. 
Cholino Trimethyl- Glycol 

amine 

Tlio enzyme could not be found in Chenopodiuvx album (Cromwell, 
1950). Methylamine has occasionally been recorded as a product of 
protein b^eakdo^vn by bacteria, e.g. Slreplococctts longus (Emmerling, 
1897) and Bacillus fiuorescens liquefaciens (EnimerJing & Reiser, 1902). 

Ethylamine, though arising by decarboxylation of a widespread 
amino-acid (alanine), is rare as a natural product. The only flowering 
plants known to produce it seem to be three species mentioned above, 
Crataegus oxyacantha (Keu & Eiedler, 1954), and Sambucus nigra 
(Steiner & Stein von Kamienski, 1953). There are old reports (Hesse, 
1857; Muller, 1857; Sullivan, 1857) that it is formed in protein decom- 
position. It occurs (Honegger & Honegger, 19C0) in mammalian brain. 
Pseudomonas aeruginosa produces eOiylamine when grown with 
alanine, ^-alanine, or n -phenylalanine as the solo source of nitrogen. 

It is not found in cultures supplied Avith n-phenylalaiune. Salmondla 
paralhyphi B forms it from alanino but not from n- or n-phcnylaianine, 
this orgamsm is unable to use ^alanine ((Msaire. Neuzil. & Boiron, 
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1958a, h) Stem ^ on ICamiem,ki (10376) found ethylamino in sterile and 
non stenle autolysates of the fruiting bodies of higher fungi (Boletus, 
Russula), and in sclerotia of ergot (Claviceps purpurea), which contain a 
wide range of amuies methyl, trimethyl, ethyl, propyl, isopropyl, 
isobutyl, iboamyl, hexyl, and ^ phenylethyl A simUar though not qmte 
identical group of amines is present in fruiting bodies of the higher 
fungus Polyporua sulphureus (Last, 1058) Propylamine could anse by 
decarboxylation of either a or y ammobutync acid, both occur free m 
ergot (GrOgcr A Clothes, 1956) Isopropylamine and hexylamine cannot 
be derived m this way from ammo acids known m natural products 
The production of small amounts of volatile amines, especially m 
the flow ers, is characteristic of some plant families (Klein & Steiner, 
1928, Steiner A Loffler, 1931, Stem von Kamienski, 1957a) Ammes, 
for instance, are common m members of the Araceae, Capnfoliaceac, 
Comaccac, and Rosaceac, they are absent from all investigated species 
of Labiatao and of the sub family Papihonatae of Leguminosae Their 
occurrenco among related species is erratic, m Crataegus tliree species 
each contained four different amines, four species each had three 
aminw, four species had two ammes, and m tw o species no amines were 
detected (Stem von Kamienski, 1957a) 

The armnea aro oxidatively deaminated to the corresponding 
aldehydes by mono ammo oxidases found in several higher plants 
(Werlo L Roewer, 1952), or by di amine oxidases also known from 
fecveral species (Cromuell, 19436, Hassc A ilaisack, 1955, ilann A 
Smithies, 1935) Tho di amines yield on oxidation ammo aldehydes 
which cyclizo readily and tn tt^rolcad tosimplc alkaloids (Hasse &Berg, 
1057 , Clarke A ilann, 1959 , ilothes, Schutte Simon, A Weygand, 1959) 
Tho deamination of ammo acids m fermenting systems forms 
alcohols 2Iany alcoholic dnnLs contam, besides ethyl alcohol, small 
'vmounts of higher alcohols known collectively os fusel oil, these alcohols, 
and particularly their esters, arc of some importance as flavouring 
subatancts Jluller (1857) suggested that amyl alcohol and amylaniine, 
found m autolysmg (or perhaps putrcfymg) beer yeast arose from 
hucuic, and so from protein They were identified on rather flimsy 
evidence, e&i)cciaUy for the alcohol and their relation to leucine was 
not fully unilenitoo<l its mere rccogmtion at this date la, however, 
noteworthy 

LUrheh (1900 1907 1911 191^) showed that isobutanol, i&oamyl 
alcohol, iryi.tophol mdolylcthyl alcohol) and tyrosol arose by the 
action of ytasl on valine Uueme tryptophan and tyrosine present in 
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llitj fcnijciitijjg material. Ho also found that tho mould Oidium. Udh and 
tho yeast If iiltaanomala gave high yields of tyxosol when supplied with 
tyrosine (Khrlich & Pistsclumuka, 1912). Kurono (1909a) studied the 
formation of fusel oil in sake fermentation, and confirmed the pro- 
duction of amyl alcohol from leucine. Neubauer & Fromherz (1911) 
made detailed studies of the formation of benzyl alcohol from phenyl- 
glycine during fennentation. They established, in agreement with 
Ehrlich, that free ammonia did not appear, and that the process took 
place only during the fcnuejitatioii of glucose. Phenylglyoxylic acid and 
bcnzaldchyde were recognized as hitcrrocdiates, the following sequence 
of reactions being proposed for the formation of higher alcohols: 

R.CHNHj.COOH -> U.CO.COOH:, 

R.cd.COOH R.CHO + CO^, 

R.CHO -f 2H ->R.CHaOH. 

Leucine, isolcucinc, and valine from yeast protein probably contribute 
to the formation of fusel oil if the medium is deficient in these amino- 
acids (Ehrlich, 1900; Castor & Guymon, 1952). Sentbeshanmuganathan 
Sc Elsden (1958) confirmed earlier observations that the formation of 
tyrosol from tyrosine by Sacckarorntjus cerevisiae is anaerobic and 
requires a supply of glucose. Cell-free extracts of the yeast formed 
glutamic acid, p-hydroxyphcnylacetaldebyde, and carbon dioxide 
from tyrosine and a-ketoglutaric acid, the reaction being stimulated by 
pyridoxal phosphate. Cell-free extracts also decarboxylated p-hydroxy- 
phenyJpyruvic acid and reduced the aldehyde so formed. Conversion 
of amino-acid to alcohol involves successively transamination, decar- 
boxylation, and enzymatic reduction. The overall reaction is formulated 
as: 

tyrosine -h a-ketoglutarate -f- DPNH 
I transaminase 

I carboxylase 

1 alcohol dehydrogenase 

tyrosol -f- glutamate -p COg -f- DPN 

The function of glucose in the reaction is to supply reduced diphospho- 
pyridino nucleotide by glycolysis and to provide a-ketoglutaric ooid for 
the initial transamination. 

Transamination is often an early stage in the breakdown! of amino- 
acids, as in the oxidation by animal tissues of tyrosine (linox & ICnox, 

1951; Schepartz, 1951) and of tryptophan (Dalgliesh, Knox, & Neuber- 
ger, 1051; Wiss, 1952). These examples support the suggestion (Braun- 
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stein & Bychkov, 1039, 1040; Braunstein &■ Azarkll, 1945) that 
transamination to fonn glutamic acid, which is then dcaminatcd by the 
highly specific glutamic dehydrogenase, may ho a general pathway m 
the oxidation of amino-acids: transaminase 

R CHNHg.COOH -f a-kctoglutaric acid 

, . R.CO.COOH + glutamic acid, 

glutamic 

glutamic acid ► a-ketoglutaric acid + NHj. 

dehydrogenase 

This scheme ^\as originally based largely on evidence from animal 
material; the vider distribution in plants of glutamic dehydrogenase 
than of amino-acid oxidases suggests that the mechanism involved may 
be important in them also. 

E. Miscellaneous Pathways of Amino-acid breakdown 
(i) JRcduclite deaminalio7i 

Reduction of aspartic acid by Escherichia coU (Harden, 1901) and 
of glycine, ornithine, and tryptophan by Clostridium sporogeM^ 
(Hoogerheido & Kocholaty, 1938) follows the general reaction: 
R.CHHHj.COOH + 2H ^ R.CHg.COOH + NH 3 . 

(u) The SlicUand reaction and other dismulations 

Tills reaction, named after its first investigator, is mediated by 
Clostridium sporogenes (Stickland, 1934, 1935a, &, c; Woods, 1936). 
Two amino-acids interact according to the equation below, one trans- 
ferring hydrogen to the other; 

Ri.CHNHj.COOH -h R 2 .CHNH 2 .COOH -f H 2 O -> 

-h H2.CO.COOH -f- 

In this reaction, alanine, aspartic acid, cysteine, glutamic acid, 
histidine, leucine, phenylalanine, serine, and valme act as hydrogen 
donors; arginine, glycine, hydroxyprolmo, ornithine, proline, and 
tryptophan act as hjdrogen acceptors. 

A soiDcu hat similar oxido-reductive dismutation involving a 
single amino-acid is reported for Clostridium propionicum (Cardon, 
19-42; Cardon & Barker, 1947). The reaction for alanine is: 

3 CH 2 CIINHj COOH -f 2 H 2 O -- 

Alanine 3NH, + 2 C 2 H 5 .COOH -f- CH 3 .COOH + COj. 

Propionic Acetic 

acid acid 
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Similar reactions occur with scrino and threonine. Clostridium ietano- 
morphum breaks down glutamic acid with the production of carbon 
dioxide, ammonia, hydrogen, acetic acid, and butyric acid (Woods & 
Clifton, 1937, 1938). Tho process is complcxj its individual stages are 
not clearly understood. 

(iii) Deamination tcUh desaturation 

Aspartasc, forming fumaric acid and ammonia from aspartic acid, 
occurs in bacteria (Quastel & Woolf, 1926; Virtanen & Tamanen, 1932) 
and in higher plants (Virtanen & Tamanen, 1932; Damodaran & 
Subramanian, 1048; Williams & McIntyre, 1955). Tho reaction is 
HOOC.CHj.CHNHj.COOff ^ HOOC.CH^CH.COOH + 

Aspartic acid Fumaric acid 

Tho equilibrium is far to tho side of fumaric acid, 

(iv) Hydrolytic deamination 

Virtanen & Erkama (1938) found in Bacterium Jluorescene lique- 
faciene both aspartaso and another enzyme decomposing aspartic acid 
according to the equation: 

HOOaCHa.CHNHj.COOH -^HOOC.CHi.CHOH.COOH + NH^. 

Aspartic acid Malic acid 

The reaction is stated to be catalysed by a single enzyme; malio acid 
could also arise from aspartic acid indirectly, e.g. via fumaric acid or 
oxalacetic acid. A somewhat similar transformation of tryptophan to 
indolelactic acid was reported by Ehrlich & Jacobsen (1911). 

F. The breakdown of Individual Amino-acids 

(j) Glycine 

A flavoprotein enzyme oxidizing glycine occurs in animal tissues 
(Ratner, Nocito, & Green, 1944) and in roots of Viciafaba (Robinson & 
Brown, 1962). The reaction is: 

H 2 N.CH 2 .COOH CHO.COOH + NH 3 . 

Glycine Glyoxylio 

acid 

The enzyme appears to be specific for glycine, except that animal 
preparations attack sarcosine (methylglycine). forming glyoxylic acid 
and methylamine. The plant enzyme has not been tested on sarcosine. 
Glyoxylic acid is a metaholieaBy important compound, taking part m 
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two key reactions ot a sequence (gljotylato cycle) which may he re 
garded as an extended tncarboiyhc acid cycle and which proudes a 
synthetic route from 2 carbon compounds to more complex substances 
Glyoxyhc acid is involved m the enzymatically catalysed steps 
isocitrate -»-gljoxy!ato 4" succinate, 


and 

glyoxylato 4" acetate -> malate 

(Kornberg &/ Krebs, 1957, Wong &* AjI, 1957) 

Amino acetone la formed metabobcaily by Staphylococcus aureus, 
it could arise from glycine aa follows (EUiott, 1959) 

CHa— CO— S— Co\ 4- CHiNHj— COOH 
Acetyl CoA | Glycine 


CHa— CO— CHNH^— COOH 
a Ammo ^ ketobutync acid 

I Decarboxylation 

CHj— CO— CHjNHj 4- COj 

Ammo acetone 

a Ammo ^ ketobutync acid may also arise by dehj drogenation of 
tbreomne Ammo acetone occurs, together with threomne, among the 
hydrolysis products of micrococcm P (M130V16 &, Walker, 1960) 

( 11 ) Vahne, tsoleueine, hucine 

The degradation of these branched cham ammo acids has been 
thoroughly studied with animal tissues and enzyme preparations, 
little IS knowTi however, on the subject m plants The available 
information iviU therefore be considered as bnefly as its complexity 
permits Some of the intermediates mvolved, e g tighc acid and sene 
cioic acid (dimetbylacryhc acid) (Asahma, 1913), are known plant 
constituents Several of the enzymes involved occur m micro-organisms 
such as AerobacUr aerogenes, Neurospora crassa, and Tdrahymcna 
p»/n/ormts 

Vahne, on removal of its anuno group by oxidative deamination or 
transamination, yields a ketoisovalcnc acid This loscs a molecule of 
carbon dioxide and is converted to the co-enzyme A derivative of 
isobutync acid by a process similar to the formation of acetyl CoA 
from pyTU\ ic acid Several co factors are probably involved, including 
hpoic acid. Isobutyryl CoA is dehydrogenated to methylacrylyl CoA, 
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which loses the elements of water to form ^-hydroxyisobutyryl-CoA. 
Removal of co-enzyme A gives ^-hydrovyisobutj^e acid, which a 
DPN-dependent dehydrogenase oxidizes to methylmalonic sennaWe- 
hyde. This compound probably forms methylmalonyl-CoA, which is 
dLarboxylated to propionyl-CoA, a metabolic prccumor of glucose in 
animal tlLes (liinnory, Takeda, * Greenberg, 

Baohhawat, Kupiecki, & Coon. 1957; Rendina & Coon, 1957), These 
reactions are summarized in Fig. 34. 


:h.-ch-chnh^ooh 

Valine 

CH. 

CH,=i— CO— CoA 

Methylicrylyl-CoA 

i^H. 

HOCH,— 

fl.Hydroxyuobu<ync 

acid 

CoA— OC— CH«— CH. 
Pfoplonyl-CoA 


CM, 

ch.~Ah-co-cooh 
a-Ketoisovalenc acid 

CH^H-CO-CoA 

Isobutyryl-CoA 

CM, 

OHC— in- COOH 

Heihylmalonlc 

jecnialdehyde 

g^A,.CM>-iH-CH-COOH 

Methylmalonyl-CeA 


Fio. 34. 

laoleucine, on losing its 

valeric acid. This ^eVo a^logue of valine. The 

that forming ^„„ated to tiglyl-CoA. which by loss 

a-methylbutyryl-CoA is S'^^wiacetLcetyl-CoA, which in 

of the elements of water lea , ^ /goon & Abrahamscn, 1952; 

turn yields acetyl nrS-'BotiLr Bachhawat. Coon: 

Coon, Abrahamscn. & Gmene. 1954. Ko 
1956). The reactions are sum 

?”• CH.-CH.-iH-CO-COOM 

CHr-CH,— CH-CH— COOK -♦ acid 

Isoleucine 


CH.-CH-C-CO-C0A — 

Tiglyi-CoA 

OH^CH. 


ch.-ch.-^m-co^a 

CH. 

I +CoA 


Acttyl-CoA 

Fio. 35. 
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The keto analogue of leucine is x-kctoisocaproic acid. This leads, by 
reactions analogous to thobc in the catabolism of valine and of iso- 
leucinc, to iso v alerj'l-CoA, dimcthylaciyl^ l*CoA (jS-methylcrotonyl-CoA, 
fcnctioyl-CoA), and ^•hydroxyisovaleiyl-CoA. The last-named com- 
pound i-> carboxjlated by “acti\o carbon dioxide” (possibly adenosinc- 
O'-pho-^piiorjI carbonate) to form ^-hydroxy-j?-methyIglutarj'I-CoA, 
\\ Inch is split to aectoacctie acid plus acctyl-CoA (Bachhawat, Robinson, 
k Coon, lOoS, 1050; Bachhaavat & Coon, 1957). The reactions are 
suminarizcti in Fig. 30. 


Oi, r.H, CH, 

' ' t 

CM,-Oi— CMr-Oi-COOH . . . CH«— CH— CH,— CO— COON 

Ltucine a*Kctouoc3;»roic acid 

CH. 

CMr-C-CH-CO-CaA ■ CHr~CH— CH,-CO— CoA 

Dj-»thjilitf7J,l.CcA tjovileryJ-CoA 

i 

C*«, CH, 

C*A .HOCC— CH,-.C»CH,-CO~CoA 

OH 

CoA ^•Hydro*y-^m«l>>xliluuryJ-CeA 

HOCC-CH,— CO-CH, + CHr-CO-C«A 
Acctoiceeic add Acccyl-CoA 
Fiu. 30. 
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by An enzyme widespread in natnio (Oark, -iVeissbach, & Udenfriend, 
1M4; Gndduin & Giarman, I960: Buzard & Nytch, 1957). Glroi^- 
bacterium violaccum forms O-hydioxytryptophan from tryptophan 
(Mitoma, Weissbach & Udenfriend, 1956). The pigment from which 
the organism derives its speciflo name is a derivative of o-liydroxymdole 
Beer Clarke, lUiorana, & Roberteon. 1948s; Beer Jennings & 
Robertson 1964; Ballentyne, Barrett, Beer, Boggiano, Clarke, Eardley, 
Jennings, & Robertson, 1957) presumably formed from tryptophan via 

6-I.ydroxytiypto^.an ,1356) proposed the 

fo„o“mert— 
toplian; tryptophan 

O-hydroxytryptophan -c violaccm 

O.hydroxytryptamine -<• bufotenine 
{5.1i|-droxyindolyl-3-acetaIdeIiyde) 

5-hydroxyindolyl-3-aceticaeid 

The last compound in this including man 

of the urine in toa^ .no^^yindoleaceturio acid and if-acetyl- 
(Erspamer, 1964, 1966). y . 5 .]iydroxytryptaminB m 

6-hydroxytiyptamine are m.^^Hydroxyantliranilic acid, possibly 

mammals (Mclsaac & Page, • factor for somo strains of 

related to these compounds, * contrast to the 

Escherichia coli (Niemer . ^ ^tophan kno\vn as natural 

numerous derivatives o ' • Ajyea of i-hydroxytryptophan are 
products, the only .j^Xtory amines from the higher fungi 

psaocine and psilooybine, j^i-hydroxydimethyltryptanmie 

phan breakdown is ^ 

tryptophan ->formylkynure^^^^^^^^^ ,5.;^ 3,). 

3 -hydroxykynuremne f„,.„vlkynurenine as an intcrmcdiato 

Knox & MeUer (1950) V^wos confirmed plakino & 

between tryptophan and byn 
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in the urinn of rabbits fed large amounts 

isolated from the urine of dogs by Liebig (1863) and shorvn by EUmge 
(1004) to be a metabolie produet of tryptophan in rats is “ ^ 
of kvnurenine. Its formation involves a transamination (Wiss, 10e2, 
Miter Tsuebida, & Adelbcrg, 1953) whieh is believed to produce 

arise from JeLbo'litrte thLni^ 

pyruvic acid. ^ , defleicney. It thus appears to be the 

except in pyndoxme (’'f „f tryptophan catabolism, the 

starting point of an alter ^ quinoline derivatives 

further course of tryptophan include 0-hydroxy- 

formed in mammals “ Vh^oxyguinaldic acid (Koy & 

kynurenio acid, quinaldio acid, and 8 liyoro jq 

Price, 1050), breakdown, its oxidation to formyl- 

Tho first stage in tryptophan v^droEen peroxide, as shown 

kynuronino, involves both d for bacteria (Hayaishi & 

for rat liver (I&ox Mchlcr 1050) an 

Stanier, 1951). Knox /Mehler, 1950; Mchler & 

formylase, an enayme found in 1. I Kynuremne is 

Knox, 1960) and in . \,y kynureninase, a pyridoxal 

split to anthranilic acid ^ ^ ^ukayama, 1941; Braunstein, 

phosphate-requiring enryroe (K k g, ifeuberger, 

Goryachenkova, & alanine from formylkynurenme, 3- 

1951). The encyme tynuienine, forming in each case 

hydroxykynuremne, thranilic acid. 

the corresponding derivative contain an enzyme, 

Mtochondrial preparations tom f„rmation of 3 -hydroxyky- 
kynurenine hydroxylase, thi. Bothberg, & Senoh, 1957); 

nurenino from kynuremne (^^- paction. 3-Hydroxykynurenine 

atmospheric oxygen IS consumrf aye-pigments, ® 

is an intermediate m the Biciert, & Crommartic, 1954 

matine, in insects Xanthommatine contains tta 

Butenandt, Biekert, & Neute^ “ ^_^ang natural 

phenoxazono skeleton, o , mrookmann S hluxfcldt, ) 

in pigments from “otoomycetce ( • (Gripenherg, 19a8) 

ftem the higher fungus silkworm pupae, pmbah Y 

Kynurine ( 4 -hydroxyqumoh^_^i^_ a^,a,aos to 

- • tvnuremno via 


arises 
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2 to 

form thu mlro^cii containing ring of the quinohno (Butenandt, Karlson, 
& Zdlig, lOol; Butenandt & Uenucr, 19o3}. 

3 Ihdro\jauthraniIic acid appears to bo a close precursor of 
njc<»iinic .iLul in animals, but the reactions insolved in its formation arc 
not tntinl^' tkar. Various workers ha%e suggested that the ring of 

3 }jjdrox>antliranj]jc acid is ojicnid to form tho unsaturated amino- 
atid aldthjtlu acrokinammofumanc acid (Fig. 3S), which is formed by 
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of tho PVriOino ring. Hankos & Segcl (1968) found thaf the intact mt 

labelled tryptophan. acid iabeiled 

“T'f “'’XtSrc" obUhL qnLbnic acid, labelled in 

;L‘tarCr;:uronly,llib on „„n-en.ynratic dccarboxylarion 

gave labelled carbon dioxide and inacUve 

In spite of these obscunt.es » ^ert ^ 

least some mammals and fungi ^ j {„„„ nicotinic acid 

of nicotinic acid. rBTnner, i Yanof^^^^ 1962). 

exclusively froin 1 „i„ase and do not form nicotinic 

Some bacteria, boivever, la* coU and Sacillus subhl^ 

acid from tryptophan, c.g. , ^ynio acid is not known. 

(Yanofsky, 1964). Ho'V these spee^ ^ 

Its mode of fotmation in bjh p t o,., 

pban has been suggested as a p epiootyls 

cabbage, and tomato (Gus a • ’ mays) (Nason, 1950). 

(Galston, 19490), and in g»™‘"2c acid are also stated to be pre- 
Kynurenine and 3-hytoxy ^Vjtsiiire (1653) found that shoes 

cursors of nicotimo acid in P ' tryptophan, and tentatively 

from pea seedlings rapidly om pjo^jnet. 

identlded 3-liydrosykynurcmn P ^ tryptophan is metaboiiaed by 

The contention that „nc„nvinoing-, the reported data 

a pathivay leading to ests that tryptophan .3 not a 

are inconclusive, and other jj^riop (1958) found that in 

precursor. Bowden (1953) ^"“/“ppt a precursor of the pyndine 

Lbacco C'Mabelled acid (Dawson Oh^tma^ 

ringof nicotine, formed dircctly tom ^ If, 1953) 

& D’Adamo, 1956; Dawson ^ Byarrum (1959) taid tW 

Henderson, Someroski, Kao, Wu ^ of nicotimo acid m Zm 

CK-labeUcd teyp‘°p''™ no r Jfica. In higher plants, as in som 

mays or of nicotine in Ntcotiana pathway other than that 

SESiSliaSfr 

labelled of nicotinic acid, 

seem not to bo precursors o 
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In some bacteria {Patudomoms spp.) (Hayaishi & Stanicr, 1951) 
the breakdo\vn of kynurcninc occurs as follows: 

kynurenine antliranilic acid ->• catechol -> . . . , 

CIS, cis-muconic acid ->■ jj-ketoadipio acid. 

The ^-ketoadipic acid ia further metabolized by the enzymatic reactions 
(Katagiri & Hayaishi, 1967): 

(1) ^-kctoadipic acid 4- succinyl-CoA ^ ^-ketoadipyl-CoA + 

succinic acid, 

(2) ^ kctoadipyl-CoA -f CoA ^ auccinyl-CoA + acetyl-CoA. 
Formation of indolyl-Z-acelic acid and related compounds from 

tryptophan. The formation from tryptophan of substances with auxm 
activity in higher plants has received much study. Some w'orkers have 
tended to identify any compound with sucli activity as indolyl-3- 
acetio acid (^-indolylacetic acid, hetcroauxin, lAA). This is confusing 
as other compounds, e.g. mdoIyl-3-acetonitrile (Jones, Henbest, 
Smith, & Bentley, 1962) and 5-hydroxytryptamino (Niaussat, Laborit, 
Dubois, & Niaussat, 1968) are active in auxin tests. JIucli recent work 
on the distribution and metabolism of lAA and its putative precursors 
and metabolites is based on chromatographic identifications, which are 
suggestive rather than final. These circumstances further complicate 
the involved problems iu this field. 

lAA (which figures in tho older literature as skatolo carboxyhc 
acid) was recognized (Salkowski, 1884, 1885, 1899; Salkowski & 
Salliowski, 1880a, 6) as a bacterial decomposition product of protein 
long before its importance as a hormone in higher plants was suspected. 
Hopkins & Cole (1903) showed that in pure cultures of Escherichia coU 
it arose, together wth indole and indolyl-3-propionic acid (skatole- 
acctic acid), from tryptophan. It was detected in human urine by Hertcr 
(1908). Dunstan (1889) and Hcrter (1909) found the foul-smelling wood 
of Cdtis relxcidoaa to contain indole and skatolo; tho latter author 
noted tho possible presence of lAA. 

Tho growth-promoting properties for plant organs of lAA were 
first recogmzed with material extracted from human unne (KOgI, 
Haagen-Smit, & Erxlcben, 1934) and from yeast (KSgl & Kostermans, 
1934). Growth-promoting activity by mdolyl-3-propionic acid was 
reported soon aftenvarda (Hitchcock, 1935) The amounts of LAA in 
tissues of higher plants are very smaU, Haagen-Smit, Dandhker, Witt- 
wer, & Mumcck (1040) isolated 101 mg from 100 kg of immature 
kernels of com (Zca mays) Subsequent work, using mainly cliromato- 
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graphic n^thod., demonstrated it in 

examined. Plant organs m wlneh ^ „f paekwheat, 

includoeoleoptileso barley, maao and oats, hyp ^ 

cucumber, pea, and sunfloucr, ysselstcin 1960). It is also 

indole nucleus. fa„gi (Thimann, 

There is an impressive bo y , . (Skoog, 1937; Wildman, 

,936) and a considerable range o lngherplan^^^^^^^^^ 

Ferri, & Bonner, 1947; Kulesch , . rjka mechanism 

tryptophan is converted to active g ^ j, (1937) suggested 

ofthisconversionremainsuncertai . intermediate, an idea supported 
indolyl-3-aeetaldehyde as a ^d that besides the acidic lAA 

by several subsequent ivorlier ti„„n 3 . This substance was often 

a neutral auxin occurred in P jke isolation of another 

equated with indolyl-3-acetalde y . Henbest, Smith, & 

neutral auxin, identification was not necessanty 

Bentley, 1952), made it clear ^ (Linger, Mayr, & 

oorreot. Critical chromatographic ^^tracts of cabbage (Jones & 

1963), and finaUy isolation ^%,^nt both the aldehyde and the 
Taylor, 1967) have, •'“"'f"'. ., nj, been detected chromatopaphi- 

nitrUe occur in plants The mtri h Bennet-Clark & 

. cally in various plants ( 

Kefford, 1963). ,13 nnd related to “Wtnph““ ““ 

Other compounds report^ .n plan ^ Taylor 19a7), 

the auxins include mdclyW-'a;'’^,^^ 1053), .„dolyl-3_ 

iudolyl-S-piopicnic acid (Lmser, ila^. i^Myl-S-hutync acid 

p^uvio add" (Stowe & 

(Hommaert, 1954 ). The crowngaU^^,^ 4 ryptopho 

forms indolyl-3-pyt“"“ ““Vm 1958). Their metabohcrelat.omh.ps 

from tryptophan (Kaper & Ve^^_j^^,j,^ ‘VXcv iX). Intact 

are largely mitoiown. In Y Bentley & Houslcy, ■ 

IAAinoatcoleoptiles(I.a^»«;^ ^ ‘S amfoc 

animals and saving ^cim & ^ lAxV (aarko & 

SefreXprsigs^^^^^^^ 

Mann, 1957). The ^ tryptamine -r BVA 
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thus seems possible in plants. The enzymatic conversion of tryptamine 
to an active auxin, presumably lAA, has indeed been demonstrated for 
pineapple leaves {Anams) (Gordon & Ilieva, 1949) and for bean plants 
{Phaseolus) (Wcintraub, Brown, Nickerson, Sc Taylor, 1952). Trypt- 
amine, however, appears not to ho a common plant constituent, though 
recorded from three species oi Acacia (White, 1944). An amino oxidase 
probably identical with that converting tryptamine to lAA occurs m 
many plants, particularly legumes, but is absent from others (Werle Sc 
Zabel, 1948), including all gymnospcmis and monocotyledons tested. 
Enzymes dccarboxylating tryptophan to tryptamine .seem to be rare in 
organisms generally, not only in liighcr plants. They have, however, 
been detected in bacteria (Berthelot & Bertrand, 19126; Weissbach, 
I^ing, Sjoerdsma, & Udenfriend, 1959) and in animal tissues (Weissbach 
et al., 1959), and may be more widely distributed than is now recogmzed. 
Pyridoxal enzymes decarboxylating 5-hydroxytr5T;)tophan to 5- 
hydroxytryptaraino are also known from bacteria and from animal 
tissues (Clark, Weissbach, & Udenfiriend, 1954; Gaddum & Giarman, 
195C; Udenfriend, Titus, Weissbach, & Peterson, 1950; Buzard &Nytcb, 
1057). These authors cite some evidence for the occurrence of S-hydroxy* 
indoleacetic acid in plants; it is a normal constituent of human unno 
(Erspamer, 1055; Udenfriend, Titus, & Weissbach, 1056). Plants may 
contain a set of hydroxyindolo compounds corresponding to the knowTi 
indole derivatives; sporadic occurrences of 5*hydroxytryptaiiune and 
some of its derivatives are mentioned in the chapiter on alkaloids, 
lattic is known of their physiology in the plant; 5-hydroxytryptamine 
(serotonin) is an important animal hormone (Woolley, 1057). 

As trj’ptamino seems unlikely to be a generally occurring inter- 
mediate in the formation of lAA in plants, some other pathway must 
be sought. The following sequence (Jones tt al, 1952) has been suggested, 
but still lacks experimental venlication: 


-2H 

R CHj CHNHj COOK 

Tryptophan 

-2H 

R.CHjCN 

Indolyl-3-acetonitnlc 

1 +lhO 

R.CHjCONH, 

Imloljl-3 acetanudo 


R.CHg C(=NH) COOH 
-CO, 

R CH2.CH=NH 


R CHj.COOH 
Indolyl-3*acctic acid (LAA) 
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KutaSck, Prochd.ka, & Gniubergcr (1960) showed intact cabbage 
plants to form indolyl-S-acetonitrile, indolyl-S-carboxylic acid mdo y 
Ipyruvic acid, and ascorbigen (an indolyl denvativo of ascorbic acid) 

^"’Ttim^ttrand intestinal t"h^e 

forming indolepyrut lo ac d, decarboxylation of 

yields IilA. An ^^^^Iversion to lAA bymono- 

tryptophan to tryptamme, folloncd by 
amine oxidase. These pathways are shown bel . 

Transamination with 

IndDlyl-3-pyiuTic acid 

Tryiitophan — ; ^ 

a-Ketoglutaric acid 


-CO, 

Tryptamine - 


-NHa 


--COi 

+O3 


lAA 


4*02 

Tho breakdown of lAA both by (Lirsen, 1030) has 

Brauner, 1953; Goldacre, 19M) an ^ oxidation of 

been extensively operated by ribofla™ The 

lAA; its oxidation by visible 1 g y,, oxidation by Goldacre 

sequence below tvas ^S|“^by Kscher (1954): 

(1961) and for ^OOH -> B-COOH B-OHO. 

B.CH,.C00H E.CHOH.COO 

where B represents the indole nuden^ 135S) has 

Later work (Fawcett, f S' sequence (beginmng with 

demonstrated in pea and wheat tissues 

indolyl-3-aoetonitrile): „ P„ 0 ->• B-COOH. 

B.CH,.CN ; ®-®Lh on oxidation fo^s 

lAA is decarboxylated ‘»j“'*‘’'_^fh^iysing the f to ^ ^ 

indole-S-carboxyUc acid. The '^^^^tsch & ®seh, 1959). 
absent in tubers of ^''‘“"^'f't^silutions to sunligh and noted 

Neuberg (1908) exposed tWW“p„3,ibly i„dolyI-3-acetaldehyde . 

the formation of a volatile sub 
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Berthelot & Amoureux (1938) showed that ultra-violet irradiation of 
tryptophan led to the formation of lAA. This was confirmed by Jlelchior 
(1037), who found that photolysU of tryptophan by visible light and 
ultra-violet ra 5-3 formed tryptamine, tryptopbol, indolyl-S-acetic aci , 
indole-3-aIdehyde, indolc*3-carboxylic acid, indole, skatole, antbrani ic 
acid, and unidentified substances containing the indole group. Kynure- 
nine and 3-bydroxyIiynurenine arc breabdomi products of irradiate 
tryptophan (Yosbida & Kato, 1954). Hakim & Thiele (I960) identified 
formylkynurenine as an intermediate in the formation of kjTiuremne 
from tryptophan by ultra-violet radiation. The photolytic breakdown of 
tryptophan is obviously complex; its stages do not necessarily corre- 
spond to those occurring in the plant. 

Tlie fungus Omphalia JIavida contains an enzyme oxidizing 
(Sequeira & Steeves, 1954; liay & Thimann, 1956). 0. JIavida is ^ 
destructive parasite of cofiee in tropical America, causing extensive 
defoliation attributed to its interference with auxin metabolisni 
the leaves. The lAA-oxidizing enzyme is also a peroxidase, catalysing 
the oxidation of phenols uith hydrogen peroxide as electron acceptor. 
Various monophenola stimulate the oxygen-consuming oxidation of 
lAA by the enzymes of pea homogenates (Goldacre, Galston, & 
Weintraub, 1953) and by purified peroxidase from horseradish (CocA* 
tcaria armoracia) (Kenten, 1955). lAA-oxidizing systems with peroxidase 
activity also occur in bean (Phaseolits vulgaris) roots (Kenten, 1953) 
and in seedlings of Lupinus aJbw (Stutz, 1957). 

3Iany alkaloids structurally related to indole may be metabolically 
derived from tryptophan. Indole itself seems rarely to accumulate in 
plant tissues, but is recorded from oils of jasmine (Hesse, 1904) and of 
orange flowers (Hesse & Zeitschel, 1902), Its presence in fresh orange 
flowers was confirmed by Stowe, Thimann, & Kefford (1956). Skatole 
(3-methj Undolc), known as a product of protein breakdown by bacteria, 
is reported from cabbage (linscr, ilayr, & Haschek, 1953). Biosynthesis 
of the ergot alkaloids, which arc rather complex derivatives of indole, 
is discusecd in Chapter 12. Another fungal product related to indole, 
gUotoxin (Fig. 39) from Trichoderma viride, arises from phenylalanine 
(Suhadolnik &, Chenoweth, 1958). 

Indigo, another indole derivative, played an important role in the 
development of organic chemistry owing to its study by early workers, 

c g. Gievrcul (l&OSa, 6, 1809) Indigo is a blue dje known since antiquity 

as a pr^uct in Europe of woad {Jsatts iindorta, Cruciferae) and in Asia 
of Indigoftra Unciona (Leguminosac) and other species of the same 
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Gliotoxin 
Flc. 39. 


gonuB; it iB known also from PUygomm 2t 

Lm some orohidB. The dye aa such Jed tissues 

glucosido indican breaks presence of atmospheric 

yielding glucose and indoxyl» 



Indigo 


FlO. 4U. 

. /iTip 40). Tlie pigment 

.gen oxidizes spontaneouslytom^;(Jg^^^ 

juchiUoux & Kocho, 1055). 
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(iv) UiiluUne 

Urocanio add (imidazole-l-acrylic acid), obtained by Jaflb (18/4) 
and Siegfried (1898) from dog urine and considered an abnormal 
metabolite, is now recognized as a regular intermediate in the 
down of histidine by bacteria (Raistricb, 1917; Darby & Lewis, 194_) 
and by mammals (Hunter, 1912; Konishi, 1922; Kiyokawa, 1933). 
Hunter (1912) showed that urocanic acid was identical with a com- 
pound which Barger & Ewins (1911) obtained from ergotliioneine and 
named p-2-glyoxaline-4-acrylic acid; its close structural relation to 
hihtidine %\a3 thus established* 

Ccll-frcc extracts of Pseudomonas Jluorescens convert liistidine to 
glutamic acid and formic acid with the production of two molecules o 
ammonia per molecule of histidine (Tabor & Haj’aishj, 1952). The 
occurrence of urocanic acid as an intennediate in this process 'vras 
demonstrated using histidine labelled with C** and with (Tabor, 
Mcblcr, HayaUhi, k White, 1052). It was also found that extracts 



COOH 

CH— NK~04-UH 
I 

CH. 

CH, 

'cOOH 


a-FormimiRojIutamiC 

acid 

t 

COOH 

^NH, 

I + H.COOH + NH 
CH, 

I 

CH, 

I 

COOH 

Cluumlc Formic 

acid acid 


•ubjcctnl to rathi r tet tie luat treatment (15 minutes at 85'C) catalysed 
the fonr.atn,n of urocar.ie arid without furll/er breakdown. Tlicro is 
CTideiite (Walter !c Sv;hmidl, 1911, Borek 4: Wackth, 1933) that 
for.....,.ii,t j^lotamic acid is an intermediate in the breakdown of 
urocai..c acal Tli.e (lathway of hutidme breakdown (Fig. 41) has been 
.liahc.l iiif .'cUnJio,,, t.tniiumMfhtt,., (Watheman A Barker, 1955) and 
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Aerobader aerogenes (Magasamk & Bowser 1055) “ "-f 
„,ona.fluorescens. Mller & Waelsch (19570. 1) soggested 
4-acrylic acid and 6-imidaaolone^-prop.omc acd as 
betwL urocanio acid and fonniminoglutanuc acd m cat liver. 
Breakdown of formiminoglutamic acid to glutamic 

for leukaemia with foUc acid antogonists. 

Other pathways “'L hcpatopancreas of the 

Thoai, & Glahn (1954) foun ^ to several substances 

mussel Mylilns Mis conve imidarolepyruvio acid 

retaining the imidazole ring. COOH), 

(E^CHj— CO— C00H),^m^u“ j„,idazolemcthanol (E— CHjOH), 
imidazolacetaldehyde (B-Vj rnOHl The symbol E in these 

and imidazoleoarbosylio acid ( , p. histidine, on tliis 

abbreviated formulae fmidazd^ acid also 

convention, is R— CHj CH “ ^ pseudomonas (Hayaislii, 

figures in Uie breakdown of hi t. p.^ay 

Tabor, & Hayaishi, 1954, isDo 
suggested is: 

histidine ^ histamine - acid -r 

imidazoleacetic acid .p aspartic acid. 

Kapeller-Adler & Eletchcr 

was identified by b™oebIorite (I-anghcld, 1909 . 

by oxidation of histamine -f “^“ovamidc, a precursor of punnc^ 
In Eschericlna coli ,H«icgaard, Beau-Thome. Thoai i. 

is probabiy derived from histuhuj io acid, 

Roche, 1950). Imidazoleacetic aiud -m^ eiiiiuncoraia 

propionic acid, and “‘i': ..a-dimethylimidazoleacelm J 

(Aekemiann & „L «a anemones probably also arises 

betaine (zooancmonino) ir UjOj 
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bo further mctuboli/cd us in Pseudomonas viu iiniduioleucctio uciil, 
traces of which are recorded in Spinacitt oktacea (Appel i D erlo, I Jo )• 
This pathway is unlikely to bo general in higher plants. Some lack 
diamine oxidase, and only a few arc known to contain histamine. 
There is .at present no evideneo regarding alternativo pathways o 
histidine breakdo\\n in higher plants- 


(v) Mcthionvie and cysteine 

The metabolism of these amino-acids also is known mainly from 
studies on inicro-organiams and on mammalian tissues. The first step 
in the breakdown of methionine is fonnation of the corrcspondini, 
keto-acid (a-kcto-y-methylthiolbutyric acid) by transamination 
{Cammarata &, Cohen, 1950; Wdson, King, & Burris, 195i) or by amino- 
acid oxidase (Blanchard, Green, Nocito, & Ratncr, 1915). Tins keto-aci 
ia: CH3— SCHj-CH^-CO-COOH 

The related alcohol: 


CH3-SCH2-CH3— CHjOil 

and aldehyde: 

CHj— SCHj— CHj— CHO 

occur in shoyu (Japanese soy sauce) (Akobori & Kaneko, 1930); the 
aldehyde is reported also in milk exposed to liglit (Anonymous, IOoj). 
Another related compound, methyl 3-mcthyltliiolpropionato: 


CH,— SCHj— CHj— COOCH3, 

occurs in pineapple (Anajuw comosu^) (Haagen-Smit, Kirchner, Bcasy, 
& Prater, 1945). The keto-acid is broken down in animal tissues to 
methyl mercaptan (CHgSH) and bomoserinc. Methionine is demethyl* 
ated to homocysteine, which may be oxidized to horaocystine and 
homocystcic acid (Medes & Floyd, 1942). It is also broken down by 
bacterial and mammalian enzymes to a-ketobutyric acid, with the 
formation of ammonia and hydrogen sulphide (Fromageot & Desuuelle, 
1942;Kallio, 1951): 


CHjSH CH3 


CHj 

1 -l-HaO 

CHNHa 


CH, 

I -I-NH3 + HjS 
CO 


COOH COOH 

Homocysteine a-Ketobutyric acid 
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In mammals =c-ketobutyria add may be aminated to form a-«- 
butyric acid (Matsuo & Greenberg. 1955b The “-f 


CHj CHj 

11 11 

CH 2 CH 

1 1 -H,0 

CH, CH, 

11 11 

CH CH 

1 1 

CH. CH, 

CH, CH, — 

j 1 

1 »■ 1 


HSO 

SO Acrylsulphcuic 

j acid 

OS— s 
AlUicino 

CHj + 


CHNH, CH, 

1 11 +=”■ 
COOH 3 C.NH, 

CHj 

2 1 +2NH. 

COOH 

CO 

Alliino Aiuiuoacrylic 

1 

COOH 

acid 

Pyruvic acid 


AlUidne is abactcrldda, 

llyl sulphides with the charactcnst c <m inhibits .mmemus 

t Suter, 1944; Stoll & ^ J„„,.,rationor(>Wo JI 

, mymes (mostly with sulphj-do-I^ P ^ ^ allnn“'. 

wL. 1950). .Uliine is rjc'-- 

ta prosthetic group w j > -.-tically cystmo h> > 

Cvstcino is o.^idizca dci-c-mlcnt on Uiphc^ ho^ 

mid^ Kcnin, 1930, and I9=<)- “ 

nudcotido (Romano A lot.). fo™-C' 


eystcinesulphinie acid lino. ^ i,,, yn (Cln.l> 0 'd.o 9. r 

Iwccn cysteine uiul cyst 
ddized to cj-stcio acid: 
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CH.SH 

CH.SOH 

cirjSOjH 

1 

CILSOall 

1 

1 

cimi. 

1 

CIIXU.— 

1 

l 

1 

CHNHj 

1 

COOH 

1 

COOH 

1 

COOH 

j 

COOH 

Cjatcmc 

Ci bttinc- 
sulplicnic 
acid 

C)sttinc- 

sulphinic 

acid 

Cystcic 

acid 


Cjstcinesulpliinic atid api>C'ira to be a normal metabolite iii the rat 
(Bergeret L Chatagner, 1051) It tran'-ammaUs, in prep irationa from 
various animal organa, with oxalacctic acid and x kttoglutanc acid, 
P sulphinylpjniMC acid is formed, together ^\ltll aspartic acid or 
glutamic acid (Kaemey L Singer, 19 >3, Chatagner, Bergeret, Si^joumc, 
&, Fromageot, 1952) 


CHaSOjH 

1 

COOH 

1 

1 

CHNHj 

1 

CH, 

1 + 

1 

COOH 

CO 

Cysteine 

1 

sulphimc 

COOH 

acid 

Oxalacctic 

acid 


COOH 

1 


1 

CIL 

1 

CHjSOJI 

1 

1 

CHNIL 

1 

CO 

1 + 

1 

COOH 

COOH 
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^ Sulphinylpyruvic acid has not been isolated it is behe\ed to 
break do\\n spontaneously to pyruvic acid and sulphite, uhich JS 
oxidized to sulphate Loss of sulphite from cjstcine sulplunic acid 
resembles decarboxylation in bemg re% ersiblc (Chapev die A Fromageot, 
1954), the reverse reaction may incorporate inorgamc sulphur into 
organic compounds Cystein«>ulphinic acid is also broken dorni by 
enzymes from liver to alanine and sulphur dioxide (Fromageot Grand, 
1943, Fromageot, Chatagner, Bergeret, 1948, Bergeret Chatagner, 
195^) The reactions splitting off carbon dioxide and sulphur dioxide 
both occur m intact animals {Bergeret Chatagner, & Fromageot, 1952) 

Extracts of oat Iea\es catalyse the breakdowii of cysteinesulphimc 
acid It transammates -with a ketoglutanc acid, giving ^ sulphmjl 
pyruMc acid, ^vhich eliminates sulphite to form pyruvic acid (Perez- 
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51ilan, Schliack, & rromageot, 1959). Tlie catabolism of oysteinesul- 
phinic acid may be summarized: 

GH2SO2H CH^SOaH 



COOH 

decarboxylated (Blaschko, 194 ) y ^ „,so from some algae, 

is widely de^rboxylatcd to hypotaurino; 

Cysteincsulphinic acid phosphate (Bergcrct S Cliatagncr, 

both enzymes require pyn 

1952; Hope. 1965). to cystcic acid and liypo- 

Cystcinesulpliinie „f each being 

taurineto taurine, tli^S0^.P^U^„,3(Pirie, 1934; 

Auother route to taunu 
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13 ojstemo ->• ojstino -► vjEtino disnlpliovido -i- cjbtammo clisulpli 
oxido ->hjpotaunno taunnc (Fi^r 42) C> st amine disulphoxido is 

formed from cj&tciiie m rals (Cavallim, ilondovi. & Bo “Marco, a- 
possihly by decarlioxjhtioii of cjbtinc disulphoxidc ivliich is rcadilj 
metabolixed m animals (Modes, 1937) Kmbrj omited lien ogfcs sj nthcsizo 
taunne from sulphate sulphur (Machlin, rcamoii L Denton 19aa) 
The sulphato is first reduced to sulphite, this combines with an 
aminatcd 3 carbon compound to form cjsttic acid, which is dccarbox) 
iated to taunne (ChapcviUe&^From'igcot. 1D57) Thu pnmarj reaction 
appears to involve the splitting of cjstcino to a sulplijdrjl radical an 
another free radical which reacts cither with aulphjdril to regenerate 
cysteine or with a sulphite radical to form cjstcic acid, os in the scheme 
below (Cliapevillc L Froinigeot, 1053} 


HS— CH^-CHNH,— COOH 
Cysteine 
1 

HS* + HjC— cWHj— COOH* 



HS-CHj-CHilHj-COOH HO.S-CH^-CHNH^-COOH 
Cystemo Cjstcic acid 


(vi) Arginine 

The breakdown of arginine to omithino and urea by argmase is a 
stage in the urea cycle of Krebs and Henseleifc, a major pathway of 
urea formation in ammals and probably m plants Crystalline argmase 
has been prepared from beef bver (Bach L Killip 19o3) In ammal 
tissues argimne also yields ornithine by a transamidmation reaction 
with glycine the other product being guanidoacetic acid (glycocj amme) 
(Borsook Dubnoff 1941, Bloch Schoenheimer 1941) Guanido 
acetic acid forms creatine by transmethylation in the hver (Borsook ^ 
Bubnoff 1940) A similar transmethylation of added guanidoacetic 
acid IS reported m etiolated wheat seedlings the methyl groups being 
supplied by methionine (Barrenacheen L Pany 1942, Barrenscheen <!■ 
■\on Valyi Jvagi 1942) In animal tissues creatine probably leads to 
creatinine via phosphocrcatme (Borsook A Dubnoff, 1947a 6) 
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102l>)- , f breakdown arc knorvn in mim- 

Several other “^^eteria decompose arginine to carbon 

organisms and in ammals. Many b , 540 ; Ogmsky & 

dioxide and ammoma without f 8^ stop, m m 

Gehrig, 1062; Schmidt, Logan. ^„jy„atic Iiydrolysis of arpnmo 
yeast (Roche & Lacombe, 1352), ^yirolysed to ornithine 

to citruUine and ammoma. The t requiring 

carbon dioxide, and ammoma by anoth^^ diphosphate o 

phosphate, magnesium ” i 3 formed during the hydrolysis 

adenylic acid; adenosine tnl^Uospn , 354 ), 

(Korzenovsky & Workman, 19u3, 

Mg+*, phosphat^ ^ ^ J4H, + ATP. 

citrulline + ADP - rilrulUne in the presence of 

appears to be catalysed by the sam 

(Khara & Snell, 195I)- . . ,o the “ti'®i?'f‘'In„„ianscr * 

Enzymes deaminating arpm™ of hirds (Boulanger 

c-kcto-S-guanidovalcric acid, occur 
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Osleux, 1955, 1956) and insects (Garcia, Roche, & Tixier, 19j6, 
Garcia, Ckiucrbe, Roche, 1957) The deamination is catalysed by an 
L ammo acid oxidase, the keto acid being further transformed to 
y guamdobutj nc acid by hydrogen peroxide in the tissues Various 
invertebrates form y guanidobutync acid (Thoai, Roche, Robin, 
1952, Robin Thoai, 1957), other animal products apparently related 
to the catabolism of arginine include S guanidovalcnc acid (Thoai A 
Lacombe, 1958) and y guanidobutyramide (Thoai, Robin, Pradel, 
1957) 

In Streptomijccs griseus (Thoai, Halt, An, 1955, 1950, Roche, 
Thoai, L Hatt, 1950, Thoai, Hatt, An, L Roche, 1950) y guanido 
butj ramidc, 

NHj 

I 

13 fonued from argminc by oxidative carboxylation and hydrolysed 
(Thoai A. iVn, 1950) to y guamdobutync acid by a specific enzyme, 
guanidobutyramidasc S gnscus also enzymatically hydrolyses a wde 
variety of nionoauhstitutcd guanidmos (arginine, guanidoacetio acid, 
guamdopropiomc acid, guanidobutync acid, streptidine, and strepto 
raj cm) The cnzjrac difftrs from a^nasc m its low specificity (if ^ 
single enzyme is really imolvcd) and m its optimum pH The general 
reaction is 

NH, 

! 

NH=C— NHR + UjO C0(NH,)2 + RNH, 

Removal m this v,ay of the guojudo group of y guanidobutync acid 
(Kobajasln, 1917) leads toy aniinobutjnc acid, formed also bj decar 
boxjlation of glutamic acid 

The breakdown of argminc has been less studied in higher plants 
than m other orj,aiusms Kicscl (1900) shou ed that argminc disappeared 
dunng uutolj sis of bccdlings of Lupmwt lulcim, probably breaking doiv n 
to guanmo bj an oxidative process Guanine was found earlier m 
etiolated fcccdlmgs of Vtcta/ala bj bchulie (1893) who regarded it as 
ormt )j the oxidation of protein presumably via arginine produced 
on ij ro jsis Klein A iaubOck (103Jo 6) found an increai>c of fn-*^ 
ar„imnc duniy gtnnination and kceUli.i„ do\ clopinuit m oral sjiccics, 
mdiKlmg Cmaml,a tna , Cucumu mUim, Lupmus albw,. 
win uj lu jarn, I inua ptnea and Pisum /talivum Xlna int-n-Owt, 
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(vu) Lysine and ormthine 

Preparations from mammaban liver convert lysine to a ammoadipic 
acid, a ketoadipic acid, and glutanc acid, probably in that order 
(Borsook Deasy, Haagen Smit, Keighley, Lo\vy, 1948) Cyclic 
compounds are also prominent metabolites of lysine labelled lysine 
13 converted to pipecolic acid in Phaseolus vulgaris (Lowy, 1953, 
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Grobbclaar & Steward, 1953), Neuroapora craasa (Schweet, Holden, & 
Lo^vy, 105-1), tho rat (Rothstein & Jfiller, 1954) and the turkey 
(Boulanger & Ostcus, 1952, 1955, 1956; Boulanger, Coursaget, Bertrand, 
& Osteux, 1057). Turkey liver contains an amino-acid dehydrogenase 
fairly specific for tho basio amino-acida ar^'nine, ornithine, and lysine. 
It forms a-keto-S-guanidovaleric acid from arginine and a-keto-S- 
aminovaleric acid from ornithine. a-Keto-S-aminovaleric acid is in 
equilibrium "with its cyclic form, .d‘*®-pyiTolino-2-caTboxyIic acid, which 
on reduction yields prolinc. a*Kcto-<*aminocaproic acid, formed from 
lysino by amino-acid dehydrogenase, exists largely in the cyclic form 
as J^'-*piperidino-2-carboxylio acid and yields pipecolic acid on 
reduction (Fig. 43). Tho enzyino from turkey liver also deaminated 
5-hydroxyIysino to a product giving 5-hydroxypipecolic acid on re- 
duction (Boulanger, Osteux, & Bertrand, 1958). 

(viii) Prolint and hjdroxyproUnt 

Animal tissues convert proline to glutamic acid (IVeil-JIalherhe & 
Krebs, 1935;Neber, 1930), Experiments with enzyme systems of animal 
origin (Taggart •& Krakaur, 1049; Lang & Schmid, 1051; Smith & 
Greenberg, 1957) indicated that proline was dehydrogenated to a 
pyrrolinecarboxylic acid, a cyclic compound in equilibrium with its 
open-chain analogue, glutamic semialdehyde, which is readily oxidized 
to glutamic acid. Adams, Friedman, & Goldstone (1958) found that liver 
preparations converted hydroxyproline to y-hydroxyglutamic semi- 
aldehyde and y-hydroxyglutamic acid. Adams (1959) isolated from soil 
a strain of Pseudomonas striata metabolizing hydroxyproline to 
a-ketoglutario acid. An initial enzymatic epimerizatioa of L-hydroxy- 
proline to D-allohydroxyprolino was followed by oxidation of the latter 
compound to a-keto-y-hydroxy-S-aminovalerio add, which was further 
metabolized to a-ketoglutaric acid and glutamic acid. Pyrrole-2- 
carboxylic acid, formed by an irreversible side reaction, was not utilized 
either in extracts or in intact cells. Brewers’ yeast and wheat germ 
extracts appeared unable to metabolize hydroxyproline. 



CHAPTER 10 


AMIDES AND OTHER SOLUBLE 
NITROGEN-STORING SUBSTANCES 


A. AMCDES 


A. General 

Ammonia holds a key place in nitrogen metabolism. The free base 
is, however, toxic except in very low eoncentrations (Cloez & Gratiolet, 
1851; Takabayashi, 1807-8; Naftcl, 1031) and does not accumulate in 
the cell. Compounds storing ammonia in a harmless form and releasing 
it when required arc thus important metabolites. Many workers have 
ascribed this function essentially to aq»aragine, replaced in some species 
by glutamine, though their functionsare not completely interchangeable. 
Compounds which may replace or supplement the amides as reserves of 
readily available nitrogen include urea and its metabolically related 
amino-acids (arginine, citruUine, ilT-acetylomithine) and ureides 
(allantoin, allantoic acid); in some species such compounds as azetidine* 
2-carboxylic acid and y-methyicneglutamic acid may he reserve 
materials. 

B. The Amino-acid Amides Asparagine and Glutamine iu 
Seedlings 

Asparagine crystallizes from plant juices as the characteristic 
monohydratc, isolated under various names by Delaville (1802), 
Vauquelin £: Robiquet (180G), and other early workers. Plisson (1827) 
correlated these observations and converted asparagine to aspartic 
acid, whoso structure ivas established (Kolbe, 1862) after its synthesis 
by dehydration of ammonium malate (Bessaignes, 1850a; Wolff, 1850; 
Pasteur, 1852). Piutti {1888a) identified asparagine as tho jS-amide of 
aspartic acid; it may exist as more than one isomer. Ritthausen (1809) 
obtained aspartic acid, and also the previously unknown glutamic acid, 
by atid hjdrolysis of pea seed proteins. Von Knierem (1875) prepared 
aspartic acid by cnzjmatic Iiydrolysis of gluten. Glutamine was first 
isolated from beetroot (Schulze & Urich, 1877) and from pumpkin 
seedlings (Schulze k Barbieri, 1877); beetroot is still a favourite source, 
iria (1S44, 1848) shoi^cd that asparagine accumulated in vetch 
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(Vicia saliva) seedlings botli in the light and the dark, and suggested 
that it arose from jjrotcin. It disappeared from plants in the light when 
they reached the flowering stage, as confirmed by Pasteur (1851). 
Sulhvan (1858) showed that asparagine slowly disappeared in etiolated 
seedlings transferred to the light. Dcasaignes & CJiautard (1848) 
confirmed Pina’s obseiratioM on asparagine in the vetch, and extended 
them to other species. 

Piria (1844) obtained ammonium succinate by bacterial putre- 
faction of asparagine. Its metabolic connexion with tho 4'carbon-atom 
dicarboxylic acids was thus suspected oven before its chemical relation 
to malio acid was established. Bousringault (1864, 1868) made 
extensive quantitative studies on seedlings germinating without an 
external supply of nitrogen. Seedlings groum in the light contained 
more carbon, hydrogen, and oxygen than the original seeds; those in 
tho dark lost each element. Nitrogen was unchanged in both groups. 
Boussingault noted tlio analogy, much stressed by later workers, 
betvexen urea in auimals and asparagine in plants. Animals excrete as 
urea part of the nitrogen ingested in protein; plants excrete very little 
nitrogen, but may accumulate asparagine as a reserve of nitrogen for 
later use. Boussingault associated the disappearance of asparagine 
with photosynthesis, a view confirmed by Ffefler (1873), who showed 
that accumulated asparagine remained unchanged in plants kept in the 
light in on atmosphere free from carbon dioxide. 

Beyer (18(37) found that almost all the nitrogen in seeds of Zwpiaws 
luteua was in protein, wliich decreased during germination with a 
concurrent increase in asparagine. He suggested that this arose partly 
from protein and partly by combination of ammonia with malic acid, 
which he detected in the seeds. Mercadante (1875) and Cossa (1875) 
noted that the decrease of asparagine in maturing seedlings coincided 
with an increase in malic and succinic acids, deposited largely as calcium 
salts. They suggested on this rather slight evidence that asparagine 
was deaminated in the plant, as in fermentation or in vitro, to the 
dicarboxylic acids, 

Pfeffer (1872) held that formation of asparagine in germination was 
an oxidative process. He deduced that its regeneration to protein 
required a supply of carbon, presumably from carbohydrate, as in 
asparagine each nitrogen atom is associated uith two carbons, the 
ratio in protein being about four. Asparagine was considered to arise 
in protein breakdown and to transport nitrogen from the cotyledons 
to growing points in the seedling. These ideas came mainly from 
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microscopic! observation of asparagine crystals in tissues treated mth 
alcohol. Borodin (1878) applied the same method to developing dorraan 
buds, which physiologically resembled germinating seeds. SoiM buds 
(eg. Spiraea sorbifolia) had much asparagine, some (e.g. Quercus 
pedunctdala) a little, and others (e.g.dIniM dlutinosa) none. Its formation 
was induced, or increased where it already occuircd, by depletion ol 
carbohydrate reserves. Borodin concluded that, in the present o 
carbohydrate, asparagine was used in protein synthesis; in carbohydra e 
deficiency it accumulated. He also put forward the then highly specu- 
lative idea that respiration in plant tissues is associated with continuous 
synthesis and breakdown of protein. This concept, now widely suppor- 
ted, then had little experimental backing except the observation 
(Garreau, 1851a, 6; Corenwinder, 1878) that young plant organs, mth 
high protein contents, respire intensely. 

Schulze (1878) found that seedlings of Lupinua luteus gro%m in the 
dark with no external nitrogen supply contained amino-acids and 
peptones aa well as asparagine. Amino-acids detected in germinating 
Bccdiings included leucine (von Gorup-Bcsanez, 1874a; Cossa, 1875), 
tyrosine (Schulze fijBarbieri, 1877), phenylalanine (Schulze & Barbien, 

1879) , valine (Schulze & Barbieri, 1883), arginine (Schulze & Steiger, 

1880) , histidine and lysine (Schulze, 1878). Palladin (1888) showed that 
seedUngs germinating anaerobically formed no asparagine; leucine and 
tyrosine accumulated. Godlewski (1903) and Suzuki (1900-025) made 
similar observations. The presence of free amino-acids in seedlings 
suggested that in germination protein broke down to products resemb- 
ling those of hydrolysis in litro. Green (1887) reported that a proteolytic 
enzyme from Lupimia hirsiUus formed leucine, tyrosine, and asparagine 
from seed protein of the same species. The substrate being dialysed, 
the asparagine probably came from asparaginyl residues in the protein, 
though the author did not clearly state this. AmiHp residues exist in 
seed proteins (sec Chapter 7). 

leguminous seedlings show particularly striking accumulations of 
asparagine, but it uas found by Schulze in other species, including 
Papattr eomni/trurn (Papaveraccac), Pinna eyliealria (Coniferae), and 
Tropatclum majua (Tropaeolaceae). Some species, e.g. Cucurhxta ptpo, 
Utlianlhua annuua, and lAnum vailaiU^imum, form asparagine and 
glutamine in comparable amounts (Schwab, 193G; Vickery & Pucher, 
1043). In others glutamine predominates, especially in the families 
Caryoph>llaceae, Chenopodkeeae, Cruciferae, and Umbelliferae 
(Schulze, l&9Gi), 
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Priamshnikov(I895, 1809a, 6, 1900, 1904) made extensive studies on 
the relation of asparagine to the brcakdo^^m and regeneration of protein 
in seedlings. Ho confirmed that asparagine arose largely by secondary 
processes from amino-acids, the primary products of protein breakdown. 
In contrast to Schulze, he considered am/no-acids better suited to pro- 
tein synthesis than asparagine, whose main function was to store in 
harmless form ammojJia produced in tlic respiration of amino-acids. 
Ho noted that asparagine and soluble carbohydrate could occur 
together in plant organs without protein synthesis, and attributed 
accumulation of asparagine to metabolic inertness rather than to 
activity. Priauishnikov (1952) summarized in an excellent book the 
work of his school in relation to other studies on nitrogen metabolism 
in plants. 

Suzuki (1807) demonstrated the synthesis, in plants removed from 
the soil to culture solutions containing urea or ammonium salts, of 
asparagine, which ho deduced was formed from ammonia and a non- 
nitrogcDous precursor, either carbohydrate or some substance closely 
related to it metaboUcally, Prianishnikov & Shulov (1910) compared 
barley seedlings grown in distilled water and in a culture solution with 
ammonium chloride. Supply of ammonia had no effect on the protein 
content per seedling, but markedly increased the asparagine content; 
the increase in free ammonia was very small. Pea seedlings grew badly 
in the ammoniacal solution used for barley, but addition of calcium 
sulphate improved gro\vth and increased asparagine synthesis. Aspara- 
gine formation was here dissociated from protein breakdown, arising 
from ammom'a supplied externally and from carbon furnished by the 


Table 9 

UJfect of carbohydrate aitd of light on (hefonnalion of asparagine 
in seedlings (Prianishnikov, 1924). 
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leserves of the seed Beetroot Btmilarly forms glutammo when supphed 
■mth ammoma (Vickery, Bucher, i. Clark, 1030) * 1,0 

Pnamshnikov (1913, 1022a, 6) and Smirnov (19.3) btudi^Ed 
relations between ammonia and amides in sccdhngs of i aried phj si - 
gical types Barley seedlings, with substantial reserves of carbobydrato 
in the seed, coiitimie for a long time to form asparagine when absorbing 
ammomum salts in the dark, as do pea seedlings supplied n ith ealcium 
Seedhngs of iMpmus lulcua form bttlo asparagine 111 the dark men 1 

supplied mth calcmm, absorbed ammonia accumulates as such In n 

species asparagine formation requires a concurrent supply of car o 
hydrate, coming from photosynthesis or supplied externally to p an s 
grown m the dark The effects of light and of external carbohydrate 
supply are shown (Pnamshnikor, 1024) m a diagram (Table 0) 


G. Asparagine and Glutamine in detached Lca\es 

Borodin (1873) detected asparagme by the microchemical metU^ 
in green leaves {Lathyrm odoratus, Lupinus spp , yicio cracca, 
sahia) only after they had been held for several days m the dark in a 
moist atmosphere Schulze Bosshard (1885), usmg more quantiUtne 
methods, foundsomo asparagine m normal lca\ aso^Acerpseudoplalanits, 
Plalann^ onenlahs, and Tnfohum prateme, they showed also tha 
protein decreased and asparagme increased m detached shoots (Be/uto 
alba, Populua ntgra, Vitis vmifera) stood in water. Similar losses o 
protein and gams of asparagme occurred m darkened plants of .dica® 
salita and Ficia faba (Schulze & Kisser, 1880, Butkevich, 1908) 
Schulze (1895) isolated glutamme from detached leaves of Beta iitlgarta 
and plants of jSaponaria ojfictnalis held m the dark Kiesel (1906) found 
argimne, histidine, leucine, and valme in darkened plants of Trifoh^^^ 
pralenae 

Protem generally decreases rapidly m detached leaves, with soluble 
mtrogenous compounds mcreasing at the same time lliyachi (1897) 
followed protem breakdo^m and asparagine accumulation in detached 
leaves {Paconta albifiora. Camellia (hea) He showed that leaves on the 
plant contained over 90 per cent of their mtrogen as protein, a few days 
after pickmg almost half the mtrogen was m soluble form, asparagm® 
being promment m each species Si mila r observations are recorded for 
many species, eg barley {Bordeum aativum) (Yemm, 1937, McKee, 
1960), Sudan grass {Andropogon siaianensc) and Kikuyu grass (Pennt- 
&aum dandeahnum) (Wood, Cruickahank, A Kuchel, 1943, Wood, 
Mercer, Pedlow, 1944), Vtaafala (Mothes, 1926), Phaseolus midti 
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{ChibnaJJ. 1024a, i; aiothes, 1026; Koyse, 1950). rhubarb {Bhmm 
rhaponlxcum) (Ruhland & Wetzel, 1927; Vickery, Puclier, Leaveinvorth. 
& Wakcman, 1938), Rumex acetosa, Polygonum fagopyrtim (Moyse, 
1950). Ribonucleic acid also breaks down, with accumulation of 
inorganic phosphate, in detached tobacco leaves (Ryzhkov & Gorods- 
kaya, 1950). In detached vine leaves {VitU vinifera) Deleano (1913) 
found no change in protein content for five days. Stability of protein in 
detached leaves is unusual, though young leaves of Atropa belladonna 
maintained their protein for tliree days (James, 1949). Most workera 
have used leaves of mesophytic plants; little is known about nitrogen 
metabolism in detached sclerophyllous leaves. The net loss of protein 
in detached leaves may mask continued synthesis, as estimates of total 
protein represent only the algebraic sum of opposed catabolic and 
anabolic processes. Net increases in protein in detached leaves have 
been, recorded {ffelianthue, Zalcski, 1897; Narcissus pseudo-narcissus, 
Pearsall & Billimoria, 1937, 1939; cotton {Gossypium), Phillis & 
Mason, 1942J; dchorium intybus, Reken-Grenson, 1954). Studies mth 
labelled nutrients detected some protein synthesis in detached leaves 
showing a net loss of protein (Andreyeva & Plyshevskaya, 1953; 
Cbibnall & Wiltshire, 1954; Racusen & Aronoff, 1954). Axelrod & 
Jagendorf (1951) found that in detached tobacco leaves the soluble 
cytoplasmic protein fell by about 45 per cent in seven days, but there 
was no corresponding decrease in the activity of invertase, peroxidase, 
or phospliatase. They concluded that the proteins of these enzymes 
were not involved in the general breakdown. Other explanations are 
also possible, enzymatic activity being sensitive to many factors 
besides the amount of enzymatic protein present. Nitrogen from 
proteins broken doivn in detached leaves appears in amino-acids and 
particularly in amides. Absolute losses of nitrogen have been reported 
in detached leaves (Pearson & Billimoria, 1937) but are not usually 
found. After long starvation leaves lose some nitrogen as gaseous 
ammonia (Yetmn, 1937; McKee, 1950), but at this stage they may be 
invaded by micro-organisms (CSiarlcs, 1954). 

The carbohydrate and protein metabolism of detached barley leaves 
has been studied (Yemm, 1935, 1937, 1050; McKee, 1950) in relation 
to their respiration. The respiration rate was high immediately after 
the leaves were removed from the plant, fell rapidly for about 48 hours, 
and then remained steady at a lower level or rose again to giro a charac- 
teristic two-humped time-curve. Carbohydrate was rapidly depleted, 
particularly sucrose, the main reserve sugar; the contents of fructose, 
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fnictosan, and starch also feU. but there was a temporary accumdation 
of glucose. Over the 6rst 24 hours the respiratory carbon dioarde WM 
roughly equivalent to the loss of carbohydrate; later the carbon droade 
produced exceeded the equivalent of the carbohydrate lost. Ihis 
indicated utilization of other substrates, probably the carbon skeletons 
of amino-acids produced by protein hydrolysis. 

Protein breakdown began, -within a fe-^v hours after detachment o 
the leaf, being marked even in the early period when carbohydrate 
appeared to be the only substrate of respiration. Glutamine accumulat 
at first, decreasing later while asparagine accumulated, as Mothes (1910) 
also found in detached leaves and darkened seedlings of several species. 
The content of amino-acids rose steeply over the first 48 hours and then 
declined slowly. The accumulated asparagine finaUy broke down -with 
liberation of ammonia; death of the leaf cells probably occurred at this 
stage. Asparagine and glutamine both accumulated in greater amounts 
than could have arisen directly in proteolysis, and were presumably 
formed from aspartic and glutamic acids produced by transamination* 
Protein breakdown in detached leaves is largely independent of 
their carbohydrate content. Krotkov (1939) found little difference in the 
times when “secondary substrate materials”, presumably including 
protein, first acted as important respiratory substrates in detached 
wheat leaves varying widely in initial sugar content. Vickery, Pucker, 
Wakeman, & Leavenworth (1937) analysed detached mature leaves of 
tobacco supplied -with water and held in the L'gbt or the dark. In the 
light photosynthesis increased the carbohydrate content, but over the 
first 72 hours protein broke down at the same rate in the light as in the 
dark; later protein breakdown was considerably greater in the dark- 
Wood and his co-workers (Wood, Cruickshank, & Kuchel, 1943; 
Wood, ilerccr, & Pedlow, 1944; Wood & Cruickshank, 1944; Cruick- 
s hank & Wood, 1945; Wood &, Womersley, 1946) presented very 
extensive and detailed data on metabolic changes in detached leaves of 
several grasses {ATidropogon sudanensz. Arena siertlts, PennUelum 
dandeslinum). Numerous Individual constituents were estimated, 
including amino-acids, amides, betaine, choline, and organic acids. 
Leaves of P. claTidcstinuTn lost carbohydrate as rapidly in nitrogen as 
m air, but the protein content was unchanged over long periods. 
ChlorophjU, chloroplast protein, and ascorbic acid all decreased at 
similar rates in air but were stable in nitrogen for long periods. It was 
suggested that in normal conditions chlorophyU, protein, ascorbic add 
and other constituents of chloroplasta exist as a complex in which 
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protein 13 inaccossiblo to proteolytic enzymes. In air this complex iras 
assumed to bo broben tJoira hyoxidatioa, being replaced in. the attached 
leaf by continuous synthesis of protein. Injured leaves lost protein in 
nitrogen, forming amino-acids but not amides. 

Tlio amino-acida formed by proteolysis vrero metabolized at varying 
rates. The most rapidly used were cystine, glutamic acid, arginine, 
tyrosine, and tryptophan, in that order. Aspartic acid and some other 
amino-acida accumulated in greater amounts than could have been 
produced by proteolysis and must have arisen secondarily, their nitrogen 
at least presumably coming from other products of protein hydrolysis. 
Betaine, choline, and purines showed little change during starvation in 
theso leaves. 

Wood and bis co-workers deduced from their results the following 
metaboh'o sequence: 

(1) One or more amino-acids, including cystine, are oxidatively 
deaminated, forming ammonia and non-nitrogenous substances at a 
rate dependent on the sucrose content. (2) Suiphur-rich protein, 
including cliloroplast protein, is hydrolysed to restore equilibrium 
among tho amino-acids. (3) Glutamine is formed from ammonia 
produced by (1) and glutamic acid produced in (2); also irom ammonia 
and a-ketoglutario acid arising in respiration. (4) Asparagine ia formed 
from ammonia and aspartic acid arising directly and indirectly from 
protein hydrolysis. (3) Citric acid is formed from pyruvic acid (arising 
in glycolysis) and oxalacetio acid or malic acid at a rate determined by 
tho contents of sucrose and oxalacetio acid. (6) Oxalacetio acid is 
formed from aspartic acid, or by oxidation of citric acid or a-kotoglutario 
acid. Sialic acid is produced in equilibrium with oxalacetio acid. With a 
falling rate of respiration more a-kctoglutaric acid is formed from 
glutamic acid. Sialic acid and oxalacetio acid increase by oxidation of 
a-ketoglutaric acid,’ aspartic acid, formed by transamination of other 
amino-acids with oxalacetio acid combines with ammonia to form 
asparagine. 

D. Sletabolic relations between Asparagine and Glutamine 
Tho similar metabolic behaviour of th^e amides led early workers 
to assume that they were interdumgeable, one or other fulfilling a 
general "amide” role in different species. It now appears, however, 
that both amides are generally distributed, their functions in the plant 
being somewhat different. Asparagine often seems to store ammom'a in 
excess of immediate requirements for the ^thesis of amino-acids, as m 
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plants receiving excessive external supplies of ammonia, or respiring 
the carbon skeletons of amino-acids in carbohydrate deficiency. 
Amino-acids and particularly amides often accumulate if protein 
synthesis is reduced or prevented by deficiency of essential mineral 
elements. Tliis occurs in deficiencies of potassium (barley, Richards & 
Templeman, 193G; Richards & Berner, 1954; pineapple {Ananas), 
Sideris & Young, 1946o), sulphur (tomato, Nightingale, 1932; smiflower, 
Eaton, 1941; lucerne (alfalfa), Mertz & Slatsumoto, 1950), magnesium 
(tobacco, Steinberg, Bowling, & McMurtrey, 1950), phosphorus 
(tomato, ilcGilUvray, 1927; oats, Richards & Templeman, 1930; 
Phalaris tuherosa, Williams, 1938), copper (timg {Aleurites fordn), 
Gilbert, Sell, & Drosdoff, 1940), iron (pear, Bennett, 1945; Macadamia, 
Guest, 1943; Hibiscus eaculenius, D6m6triades, 1955, 1956a, b; Demet- 
riadcs & Constantinou, 1950; Bda vulgaris, Pisum sativum, Pleridium 
aquilinum, De Kock & ilorrison, 1958), zinc (oats, Wood & Sibly, 1952; 
tomato, Possingham, 1950) and chlorine (cabbage, cauliflower, Rreney, 
Delwiche, Sc Jolinson, 1959). Amides, particularly asparagine, accumu- 
late in cldorotic iron-deficient leaves and also in chlorosis caused by 
virus infection (Laloraya & Rajarao, 1956; Laloraya, Varma, & 
Rajarao, 1050) or by failure to form chlorophyll in white parts of 
variegated leaves (ilolUard, 19116; Schumacher, 1928; MoUiard, 
ilchevin, & Brunei, 1938), Arginine accumulates in the white parts 
of variegated leaves of Bougainvillea glabra (De Kock & ilorrison, 
1958). 

The response of individual amino-acids to different deficiencies is 
variable, even in a single species. Possingham (1050) compared the free 
ammo-acids of tomato plants deficient in copper, iron, manganese, 
molybdenum, and zinc with those of normal plants. Total free amino- 
acids increased in all deficiencies except that of molybdenum. Deficiency 
of non and zinc, but not of copper or manganese, led to accumulation of 
asparagine and glutamine. ^-.Uanine accumulated in deficiency of 
copper, molybdenum, or zinc, andpipecolic acid when iron or manganese 
was deficient; these amino-acids were not detected in normal tomato 
plants. Phcnjialanino was not detected in copper-deficient plants, 
though present in all other cases. Kulayeva, SiUna, & Kursanov (1957) 
oun t lat in the pumpkin phosphorus deficiency decreased formation 
o a mno and y-aminobutync acid, both prominent constituents in 
^ mcrcas^ the content of glutamine, arginine, and 

aUantom. 1 utre«ino accumulated in potassium-deficient barley plants 
(Richards & Coleman, 1952) 
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Glutamine seems to bo more reactive and more directly related to 
protein synthesis than asparagine. Steward & Street (1946) found a 
close association between the glutamine content of potato tubers in 
different physiological conditions and their synthesis of protein. 
Assimilation of external nitrogen supplies in seedlings of pea (Rautanen, 
1948) and barley (Willis, 1951) led to rapid synthesis of glutamine. 
ICretovich, Yevstigneyeva, & Plyshevakaya (1956) found that sugar 
beet, lupin, and vetch incorporated N^Mabelled ammonia into amide 
and amino groups of both asparagine and glutamine, the rate of 
incorporation being considerably higher for glutamine than for 
asparagine. In both amides the amide group took up ammonia nitrogen 
more rapidly than tho amino group. The picture is similar for yeast 
absorbing inorganic nitrogenous compounds (Roine, 1946; Yemm & 
Folkes, 1954). 

Rijven (1955, 1956) found glutamine a better nitrogen source than 
asparagine for young embryos of several plants; in some species, e.g. 
Capsella bursa-pasloris, asparagine supplied alone inhibited growth 
except at concentrations below 10 mg/1. Glutamine is prominent in 
metabolically active organs, while asparagine accumulates mainly in 
conditions interrupting normal metabolism, as in senescent or detached 
leaves, and etiolated seedlings. In some plant tissues a high supply of 
ammonia causes rapid and massive synthesis of glutamine. Tire beetroot, 
for instance, on fertilization with ammonium sulphate forms mueli 
glutamine with no correspouding increase in asparaguie (Victeiy, 
Pucher, & Clark, 1936). Glutamine synthesized in reponse to an external 
supply of ammonia may be excreted in leaf exudates which on eva- 
poration deposit a white crust of the amide, as observed in lye-grass 
(ZioUuTTi pereiiJie) (Greenhill & Chibnall, 1934; Raleigh, 1946) and in 
Achillea millefolium, Hieracium preUense, and Jtumex aceioselh {Curtis, 
1944). Naylor & Tolbert (1958) found that when C'<-IabeI/ed aspartic 
add was supplied to the leaves of 16 species of plants isotopic carbon 
always accumulated more in glutamine than in asparagine. Kretovich & 
Yakovleva (1959) found glutamine and glutamic add much more active 
metabolically in ripening ears of wheat than asparagine and aspartic 
acid. Champigny (195Sa) supplied glutamic acid, labelled in various 
positions with C“, to developing plants of Bryophyllum daigranon- 
lianum; labelled carbon appeared in tho expected products glutamine, 
y-aminobutyric acid and proline, and also in numerous compounds less 
obviously related to glutamic add, which is dearly an active metaboblo 
in this species also. 
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E. Structural relationships between Asparaaiue and Glutamine 
Glutamine is thus active mctabolically, in contrast to asparagine 
■which appears predominantly as a storage substance providing a 
reserve of less readily mobilized nitrogen. These metabolic differences 
between two substances whose generally accepted structural fonuu ae 

CONH, CONH, 

^OOH ^NH| 

ioOH 

Asparagine Glutamine 

Fio. 44. 

differ only by a singlo methylene ( — CHa — ) group (Fig. 44) have led 
to the suggestion (Steward & Thompson, 1052; Yevstigneyeva & 
Krctovich, 1053) that asparagine in solution has a cyclic structure 
(Fig. 45). 


■chnh/ 




Asparagine in solution 
as formulated by 
Steward & Thompson (19S2) 


Fio. 


H,C CMNH/ 


l,°‘ 

»o'^\/\h 

^NH 

Crystalline asparagine 
monohydrate as 
formulated by 

Steward & Thompson (1952) 
45. 


Differences between the tw'o amides include the much greater 
solubility of glutamine in water; it is also highly labile to acid hydro- 
lysis, a property utilized in the earUer methods for its determination 
III the prcscnco of asparagine. Glutamine, unlike asparagine, is hydro- 
lysed by boiling water. The amide and ammo groups of glutamine 
both yield gaseous nitrogen on treatment with nitrous acid, but 
oidy Iho amino group of asparagmo reacts m this way (Chibnall & 
Westall, 1032). Glutamine is also more active than asparagine in the 
formation of dark condensation products with xylose (Kreto-vich & 
Tokareva, 1948). Asparagine differs from glutamine and most other 
.ammo-acids m its reaction with ninhydrin (Ruhemann, 1911). Carbon 
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dioxide is liberated in the formation of the familiar purple colour when 
amino-acids react witli ninljydrin. Asparagine gives a brown colour and 
yields no carbon dioxide if treated with ninliydrin in mild conditions; 
the purple colour is produced and carbon dioxide liberated on heating! 

Steward & Thompson (1952) attributed to glutamine, wJxich behaves 
similarly to other amino-acids, tho accepted straight chain structure, 
and to asparagine the eylie structure (amino-succinimide) sho^vn in 
Fig. 45. Yevstigneyeva & Kretovich (1953) based somewhat similar 
views on a comparison of absorption spectra of the ninliydrin 
compounds. Glutamine, lito other amino-acids, gave an absorption 
maximum at 670 m/j, after treatment with ninhydrin; asparagine gave 
a quite different spectrum but, when it was heated, the peak at 570 m/t 
appeared. The Russian workers compared the absorption spectra of 
the ninhydrin compound of asparagine with that of proline, an imino 
acid giving a yellow colour with ninhydrin and possessing a cych’c 
structure somewhat resembling that proposed for asparagine. Tho 
ninliydrin compounds of proline and asparagine gave almost identical 
spectra, in agreement with a cyclic structure for asparagine. When 
asparagine and ninhydrin reacted in the absence of oxygen, tho purple 
colour and the corresponding absorption peak at 670 appeared at 
once, the cyclic form of asparagine apparently being stable only in tho 
presence of oxygen. 

The cyclic formula proposed for asparagine by Steward & Thompson 
(1952) has been criticized by various authors. Leach & Lindley (1953), 
from a study of hydrolysis rates, and Saidel (1953) from X-ray structural 
data for asparaginyl peptides and ultra-violet absorption spectra of 
the free amide, decided against tho proposed structure. Saito, Cano- 
Corona, & Pepinsky ( 1955 ) also concluded from X-ray studies that in its 
crystalline monohydrate asparagine has an open chain structure. 
Sondheimer & Holley (1954) found aminosuccinimido to bo distin- 
giushable in solution from asparagine; it formed a brown compound 
wth ninhydrin and combined wth water at 37®C and pH7 to give a 
mixture of asparagine and isoasparagine, Katz, Pasternak, «fc Corey 
(1952) considered the configuration of asparagine in glycyl-n-asparagino 
incompatible with the aminosuccinimido structure. This structure thus 
seems untenable. The diflferences between tho pr 02 )crtics of asparagine 
and glutamine nevertheless seem excessive for homologous comiwunds 
differing only by a methyleno group. Tim structure of asparagine, long 
believed to have been finally seUlcd by Piutti (ISS7, ISS&i). m.ist still 
bo considered uncertain. 
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F. Comparative Biochemistry of Asparagine and Glutamme 
These amides are unusual in that, although discovered and mainly 
studied in plants, they are nou recognized as important ammnl 
metabolites This situation is rare, animal biochemistry being on t c 
%vhole more dD\ eloped than that of plants 

(i) Qhitamine 

Thierfelder L ShcTOin (1914) showed that man excretes ingested 
phenylacetic acid as a conjugate with glutamme Phenylacetylgint 
amine, now knowm as a normal constituent of human urine (Stem, 
Paladnn, Hirs, Moore, 1954), is synthesized m human tissues from 
glutamme and phcnylacetyl Co enzyme A (Moldave A Meister, 1957) 
Glutamine IS prominent among the frecammo acidsof many mammalian 
tissues (Perdman, Prcnkcl, A Silalcova, 1942, Hamilton, 1945, Stem 
Moore, 1954, Tallan, Moore, A Stem, 1954) It is synthesized m tissues 
of mammals (Krebs, 1936, Speck, 1947) and birds (Grstrom, Orstrom, 
Krebs, L Eggleston, 1939) Grstrom (1941) found an active glutamine 
metabolism, apparentlj linked to glycolysis, m fcrtibzed eggs of the 
sea urchin ParacenlroUis hvtdus Pertilization is followed by a large 
increase in the rate of ammonia uptake by the egg, the absorbed 
ammonia is stored as glutamme, synthesized from glutamic acid 
Kumerous studies (eg Bessman, Rossen, A Layne, 1953, Roberts 
Bregoff, 1953, Kometiam i, Klein, 1953, 1956, Vrba, 1955) show the 
great metabolic activity of gluta mm e, and the related compounds 
glutamic acid andy aminohutync acid m mammalian brain 

Glutamme n an essential growth factor for Streptococcus haemohj 
heu-j, it IS aery specific, glutamic acid and glutammyl peptides being 
unavailable (Mcllwain, 1039, Mclhvain, Fildcs, Gladstone, A Knight, 
1939) It 13 also required by Lacl6tMciHus arahxnosus (Hac, Snell, &- 
\Vilham8, 1915) 

(u) Asparagine 

Sc>cral micro organisms appear to ha\e a specific requirement for 
^pam^ino (Titura. Peterson A Fred, 1935 Kuen, 1944, 'Wnght ^ 
lee'* lOtl) Its metabolic relationships m these sptcics are not, 
howcTir, clcirly undtrstood 

Krebs (l93o), finding a higlily aetiee asparaginase m some marnm^ 
iian tis.>ue8. su^gcstctl that they might metabolize asparaLine Dietary 
13 uMxl by raU (Krotkov 3Iasoro, Kelson, A Rccd, 1953) 
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Free asparagine oceurs in inseeto (Ussing. 1945; Kaplan, 1048), and 
in the crustaceans Camr jMSunw and Homarus aafeam (Fraser 
Kermack, Lees, & Wood, 1962). Mardashev & Semma (lOaO) isolated 
crystaUine asparagine from liver; it is reported in other 

rnei: trrpti,\r3Mrsu:;: 

Greenberg, 1956o, 6). 
r Blnchemistry of Amide Synthesis 

"“36,:ho.edt,i.;.^-^"^ 

tissues required oxygen and un inhibited 

energy-yielding reaetin .. pvei S Lcuthardt, 1049). The syn- 

with cell-free systems (Spe . > f<,llows the equation: 

thesis of glutamine from glutami 

Mg”- 

glutamic acid -h ATP + NHa tj^pjjne + ADP + inorganic phosphate. 

from Staphylococcus aureus 

This reaction occurs in plants (Elliott, 1951; 

(Elliott & Gale, 1948) “nd ®ov ? , ;„], ycvstigncyeva, & Jlaka- 

19530, 5, c; Ddnes S Garda, I9o3 1^ ,adio-aclivo phosphorus 

renlio, 1954). Webster & ' an (10^^ intermediate stages: 

(P®^) in preparations from p » 

E-P ATP vaE-P-f-ADP, 

E_P -P Glu la E-Glu -P iooiganic phospbate, 

, xTTT =a E -P Glu— NHj 

E-GIu -f NH, ^ L -i- gintaminc). 

(E= enzyme; Glu 
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The biosyntbesis of asparagine has been studied m less detail than 
that of glutamine Webster L Varner { 19556) found that in preparations 
from wheat and lupin its synthesis from ammoma and aspartic acid 
rcq^uired adenosine tnphosphate and was stimulated by magncsiuni 
ions The concentrations of reactants required for synthesis m t 
system were, however, high enough to raise doubts regardmg its signi 
ficance in iito Yamamoto (1955) found that a similar synthesis ol 
asparagine in germinating seedlings of Vigna sesguipedaUs rcq 
adenosine tnphosphate Kretovich, Yevstigneyeva, ilakare 
(1954), working until etiolated shoots of lucerne (alfalfa, Medicago 
salita) and pumpkin [Cucurbita) concluded that asparagine w^ 
synthesized from oxalacetic acid and ammoma m two stages catalyseu 
by aspartasc and asparagmase, a very different pathway from that 
observed m their matcnal for synthesis of glutamme, which requirea 
ATP 


H Transamination and Transamidation 

Transamination between amides and keto acids has received mueb 
studj m preparations from animal tissues Meister A Tice (lOoO) 
showed that preparations from rat hver catalysed the following 
reactions between glutamme and a wide range of keto acids 


CON*H, 

1 


COOH 

1 

cir, 

j 

R 

1 

1 

CH, 

1 

CH, 

j 

1 

+ CO 

1 

1 

CHj + N^H, 

1 

CHNHj 

1 

COOH 

\ 

CO 

COOH 

Glutamme 

1 

COOH 

* Ketoglutanc 
acid 


It was fchow-n N*MaJ>eUc-d glutamme that the ammonia 

bberated came from the amide group Later work (Ifcister, 1953, 
1954 Mewter. Lcuntow Greenfield A Aliendschem, 1935) bugg»t<^ 
that the reaction shown al>o\o occurred m two stages, each cataljsed 
a distinct tiizMnc 
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CONHj 

I 

CH3 B CH, 

I I I 

CHj + CO ^ CH, 

I I I 

CHNH, COOH CO 


CONH, COOH 

J 

CHj 

I 

CHj + NH, 

I 

CO 


+H,0 


COOH COOH COOH 

Giutamine a-Ketoglutaramic a-Ketoglutaric 

acid acid 


The substituted amides y-methyiglutamine and y-methylenegluta- 
uu'ne were also active in transamiuatioD, but no ammouia was liberated 
during the reaction; a-keto-y-methylglutaramic acid was isolated, the 
reaction being: 

CONH, CONH, 


HjC-CH B 

1 1 

HjO-CH R 

1 1 

1 1 

CHa -f-CO 

1 1 

1 1 

CHj + CHJfHj 

1 1 
CBNHj COOH 

I 1 

CO COOH 

j 

( 

COOH 

COOH 

y-MetLyJ- 

a-Kcto-y-mcthyl- 

glutamino 

giut^ramic acid 


Transamination of asparagine in preparations from animal tissues is 
followed, as with glutamine, by deamination (Jleister, Sober, Tice, & 
Fraser, 1952; Meister & Fraser, 195-1): 


COKH 2 

1 

CHj 

R 

CONH, 
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CH, 
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{ + 
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CHNHj 

CO 

CO 

CHNH, 
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COOH 

1 
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COOH 
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tt-Kctosucauomic 

ockl 
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COOH 

I 

CHj + NH3 

I 

CO 

1 

COOH 

Oxalacetic acid 

The deamidation of a-ketosuccinamic acid and a-ketoglutaramic acid 
is catalysed by preparations from leaves (Meister, 1963). 

The reversible conversion of asparagine to a-ketosuccinamic aci 
offers a possible pathway for the synthesis of asparagine. No synthetic 
process forming a-ketosuccinamic acid from simpler precursors is, 
however, known at present; in Neurospora it reacts enzymatically 
with glutamine to form asparagine and a-ketoglutaramic acid {Monder 
& Meister, 1968): 


CONHj 

1 

CONHa 

1 

CONH, 
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CONS, 
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CHj 
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COOH 
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COOH 
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Wilson, King, k Burris (1954) aboued that in various plant tissues 
asparagine tmnsaminated with a-ketoglutaric acid to form glutamic 
acid; Yamamoto (1055) also reported transamination between aspar^* 
gino and pjTuvic acid or a-kctoglutario acid in seedlings of Vigna 
tuquipolalis. Olenicheva (1955) detected in seedUngs of soybean, peo» 
oats, and pumpkin, and in potato shoots, enzymes catalysing the 
tramsammation and deamidation of asparagine and glutamine. Tbo 
a^onia liberated was transferred to glyoxylio acid, pyruvic acid, and 
phcnjlpiruvic acid, forming rc.spectively glycuie, alanine, and phenyl* 
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nlimiuo. Activity of tho transamiimting and dcam.datmg enzymes was 
greatly reduced in tissues of nntaals deficient in vitamin B„ this 
suggests pyridosal iiliospliato as their co-ciizymc. 

Glutaliiine and asparagine are aeUvo in enzymatic (Meister d d 
1052: Campbell, 1050) and .lon-enzymatio (tfahada & Weite, WM) 
transaiuinatioii. The amides are, 

corresponding dicarbo.vylie aiilino vr™liarcnko 1064) The 

(Mothes, 1040: Krctovncii, the 

interplay between amides and ““f to take part in 

manner in wiiieh ammoma or amin g P 

metabolie reactions. transamidation 

llardashev & Lcstrovaya (lOal) statcQ r 


COOH 

I 

CH, 

1 

CHNHi + 
1 

COOH 

Aspartic 

acid 


^ . (Sheffner * Grabow, 1953) in yeast. 
1 similar reaction was report^ * in rat, rabbit, or pigeon 

Jsu (1050) could not gberated by these tissues from 

iver, or in pigeon brain. Am the process occurred in 

isparaglne was used m ^de groups as proposed by 

iwo stages, not by drreet 
Mardashev & Lestrovaya (1951). 

I. Other Enzymatic reactions involving Amides 

(i) Deamidation -.n'lltiBSues catalysed the removal 

Lang(1004)showedthatse^",^^^^„^ gUt.ta <'.f Varf 
of amide groups from asparagme an J Similar dcami- 

a deamidftJenzymeinthe mo^d -^«^J|^ f ^1- 

dases are reported in yeast „^ymes hydrolysing aspara 

Penicillium camembertt (Dos, 


CONH, 

CONH, 

I 

COOH 

1 

1 

CH, 

1 

CH, 

CHj 

1 

1 

CH, V* 

1 

CHNH, + 

CHi 

[ 

CHNH, 

1 

COOH 

CHNHj 

t 

1 

COOH 

Glutamine 

Asparagine 

1 

COOH 

Glutamic 

acid 
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gine and glutamine are apparently distinct; both are known from 
liigher plants (Grover & Chibnall. 1927; Schwab, 1936; Steward & 
Street, 1940; Kretovich, Yevstigneyeva. & aiakarenko, 1954; Yama- 
moto, 1955) but have not been studied in great detail. Germinating 
soybeans seem to use asparagine in forming ascorbic acid (Lee, LeOi 
Lee. & Kwon, 1959); both deamidation and deamination must be 
involved. A deamidase acting on y-methyleneglutamine occurs in the 
peanut {ArachU hypogaea) (Fowden, 1955b). 

(ii) Synthdic readiona involving glutamine 

Neuroapora craaaa Bynthesi2e3 the amino-sugar glucosamine by the 
following enzymatic reaction (Lcloir & Cardini, 1953): 

hexose-6-phosphate -f glutamine 

glucosamine-6-pbospbate -f- glutamate. 
Glutamine is also involved in the synthesis of mucopolysaccharides 

fonned from glucosamine in animal tissues (Bostrftm, Rodin, & Vester* 
mark, 1053), and of hyaluronate, also derived from glucosamine, hi 
Streptococcus (Louther & Rogers, 1955). Glucosamine is probably an 
important metabolite in fungi, being a precursor of cbitin, their mam 
structural constituent. Amino-sugars aro wdespread in plants and 
animals; they are recorded (Gladyshev, 1957) as constituents of a 
protein from soybean. Thro diaminohexoscs, a type of compound not 
previously knowm from natural products, occur in antibiotics (Rinehart, 
Woo, & Argoudclis, 1958). 

In Laclohacillus arabinoaua glutamine is required for tho synthesis 
of arginine (Ory, Hood, & Lyman, 1954). It is also involved in the 
synthesis of histidine by Escherichia coli (Ncidlo & Waelsch, 1950). 
Glycinamido ribotidc and other intennediates in the biosynthesis of 
purines in animal tissues are formed by reactions in ■wliich glutamin® 
participates. Tho reaction sequence has been formulated as follows 
(Goldthwait, 1956): 

( 1 ) gluUmino + O-phosphoribosylpyrophosphatc -»• 

5-phosphonbo8ylamino + glutamate, 
{-) 5-phospboribosyIamino -f glycino + ATP -> 

, glycinamido nbotido + 

(3) gljcmamido nbotido + C, unit -> formylglycinaraido ribotidc. 

Tins reaction sequence transfers from tho amido group of glutamine 
10 m ro^cn atom that finally occupies position 0 of the purine nucleus. 
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Tho nitrogen otom at position 3 of this nucleus also comes from the 
amide group of glutamine, via the following enrymatm reactmns 
(Lovenberg & Buchanan, 19676; Melnick & Buchanan, 1957). 

K+. Mg++ 

(4) formylglycinamide riboUde + glutamine + 

formylglycinamidine ribotide + glutama e + ADP. 

(6) formylglycinamidine rihoUde -> 5-amiuoimidazole rrbobde. 

6.Aminoimidazolo ribotide is a precumor of inosinic acid (Levenberg 
& Buchanan, 1957a) and so of other be a very 

These examples show the am e reactions 

versatile participant in Bathetic “ explain metaboUe inhibitions 
involving glutamine has been in to glutamine 

by tho antibiotic azaserine, wl ' * i ^^er (Hartman, 

(Kg. 46). In some oases, e.g. preparations Irom p g 


HC-N, 

i 

to, 

ioOH 

Ajaserine 


NH, 

i-0 
Ah. 

Ah. 

Ahnh, 

Aooh 

Glutamine 


FlO. 46. 

.vaHiPcin ia an important site of 

Levenberg, & Buchanan, 1955), liomari (Aaronson, 

azaserine action. Tho action o glutamine-requirmg 

1959) appears to be due to unicellular green alga 

process other than the photosynthetie forma ion 

Scenedesmus azaserine has little e of glutamine and of 

of sucrose; it causes, “l°n^”Jrith transaminatien (Barker, 

organic acids, suggestmg an 
Basham, Calvin, & Qnarek, 1956). 


(iii) Oth^r ej:change reactions of the am ? aniido group of 

Speciac enzymes catalysing exchange of _^„„ba 

^ . .nt- ..wvawannia or n; 


iug exchange o i amoeba 


glutamine with ammoma - . ygbnr piams i-— r 

Proleua vulgaris (Waelsch jMa & Waelsch 1954)Jlm 

Loomis, 1960) and in arsenate, and apparently 

enzymes require manganous i 
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gine and glutamine are apparently distinct; both are knoirn tom 
higher plants (Grover & Chibnall. 1927; Schwab, 1930; Steward S 
Street, 1940; Kretovich, Yevstigneyeva, & Jlakarenko, 1934; 'iama- 
moto, 1935) but have not been studied in great detail. Germinatmg 
soybeans seem to use asparagine in forming ascorbic acid (Lee, » 
Lee, & Kwon, 1959); both deamidation and deamination must be 
involved. A deamidase acting on y-methyleneglutamine occurs in the 
peanut {AracJiis hypogaea) (Fowden, 1955&). 

(ii) Synthetic reactions inrohing glutamine 

Neurospora cra&sa ByntUesizes the amino-sugar glucosamine by the 
following enzymatic reaction (Lcloir & Cardini, 1953): 

hexos6-6-phosphate + glutamine 

glacosamine-6-phosphate 4* glutamate. 

Glutamine is also involred in the synthesis of mucopolysaccharides 

formed from glucosamine in animal tissues (BostrSm, Eoden, & Vcstcr- 
mark, 1953), and of hyaluronatc, also derived from glucosamine, m 
Sireplococais (Lo\vthcr & Bogers, 1953). Glucosamine is probably an 
important metabolite in fungi, being a precursor of cbitin, their main- 
structural constituent. Amino-sugars are widespread in plants and 
animals; they are recorded (Gladyshev, 1957) as constituents of a 
protein from soybean. Two diaminohexoses, a type of compound not 
previously known from natural products, occur in antibiotics (Rinehart* 
Woo, & Argoudelis, 1958). 

In Ixiciobacillus arabinosus glutamine is required for the syntheris 
of arginine (Ory, Hood, & Lyman, 1954). It is also involved in the 
synthesis of histidine by Esdierichia coU (Xeidle & Waelsch, 1956). 
Glycmamide libotide and other intermediates in the biosynthesis 
purinra m animal tissues are formed by reactions in which glutamine 
participates. The reaction sequence has been formulated as follows 
(Goldtbwait, 1956): 

(1) glutamine -f o-phosphoiibo^ipyrophospbate -> 

o-phospboribosylamine -1- glutamate, 

(2) S-phospboribosylamine -f glycine -f ATP 

glycinamide ribotidc -r AP^* 
' * 5’emamide nbotide Cj unit —*■ formylglycinamide ribotide. 

This reaction sequence transfers from the amide group of glutamine 
e nitrogen atom that finally occupies position 9 of the purine nucleus- 
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The nitrogen atom at position 3 of this nucleus also comes from the 
amide group of glutamine, via the following ensymat.e react.om, 
(Lovenberg & Buchanan, 19576; Mclnick & Buchanan, 1957). 

K+, Mg++ 

(4) formylglycinamide ribotide + glutamine + ATP 

' ' formylglyd"‘‘">i'line ribotide + glutamate + ADP, 

(5) formylglycinamidine ribotide ^ 6-amiuoimidasole ribotide. 

5-Aminoimidazole ribotide is a precursor of inosinic acid (Levenberg 
& Buchanan, 1957a) and so “f „i„tamiue to be a very 

These examples show the amd g reactions 

versatile participant in synthetic ^ , j metaboUc inhibitions 

involving glutamine has been ‘"^^C^Timilar to glutamine 
by the antibiotic azaserine, "■* f pigeon hver (Hartman, 

(Fig. 40). In some cases, e.g. preparations iru p g 


HC-N, 

i-o 

i 

u 

Ihnk, 

ioOH 

Azis«nne 


NHi 
^-0 

t 

^HNH, 

iooH 

Glutamine 


Fio. 40. 


1 oaal nurine synthesis is an important site of 
Levenberg, & Buchanan, 195 ),P (Aaromon, 

araseriue action. The action of glatamine-reqmrmg 

1959) appears to be due . tiio unicellular green aga 

process other than ^effect on the photosynthetio formation 

Scenedesmus asaserine has bttle eff „f glutamine and of 

of sucrose; it causes, Boweverj^ j^^^^r^inution (Earlier, 

organic acids, suggesting an lu^rf 

Bassham, Calvin, &<3oarok, I960). 


, , of Ihe amtM gTouy 

ii) OtUr exchmse recciw J ao aniido group of 

Specihe enzymes catal^ | .d,.u;y|ainino occur in the amoeba 
lutamiue with ammoma or > p, t (Stumpf i 

•roleus mlgaris 1 (Bodniek, Mela & Waclsch 19u4). The 

oomis, 1950) and in “““t “hospb.to or arsenate, and appamntly 

uzymes require manganous 1 
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adeno;aiie diphosphate; arsenate, though unhkely to be a natural 
metabolite, gives greater activity than phosphate. 

J. The origin of Carbon Chains in Amides 

Prianishmtov (1913, 1022a) established carbohydrate or its meU- 
bolic products as the non-nitrogenous precursors of amides. Malic acid, 
occurring \ridely in plants, -nas suggested as a close precursor of 
asparagine (Beyer, 1SG7; Prianiahnikov & Shulov, 1910). Smirnov 
(1923) supplied maize seedlings with ammonium sulphate, malate, 
succinate, and aspartate. His results suggested some utilization of 
carbon from the organic acids, but were inconclusive owing to the 
long time required for the experiment and perhaps to poor absorption 
of substrates. BjQrkstcn (1930) introduced the vacuum infiltration 
method, which fills the intercellular spaces of a leaf with a solution 
containing the substrates being test^, and brings them into close 
contact ^Tith active cells. If transpiration removes excess wat^ 
promptly, air fills the mtercellolar spaces again. Protein synthea^ 
continues and the tissue seems mctabolically normal. 

Motbes (1933) found that leaves of PJuueclus mu2tiJU>rus infiltrated 
with solutions of ammonium aspartate, fumaratc, malate, and succinate 
synthesised much more amide than control leaves infiltrated with water. 
He concluded that aspara^e was formed, via aspartic acid, from 
fumaric, malic, and succinic acids. Schwab (1936) queried this con- 
clusion, having found in infiltration experiments that amide forma- 
tion seemed to be correlated with the supply of carbohydrate rather 
than of organic adds. Chibnall (1939) critically analysed the data of 
both authors, and concluded that the origin of the carbon chain of 
asparagine remained uncertain, particularly as organic acids present 
at the start of their experimenU were not determined. He infiltrated 
leaves of perennial rye grass {Lolium perenne) with solutions of ammon- 
ium pyruvate and ammonium phosphate. In each glutamine was 
rapidly synthesized; there was no change in the a£x>araginB content. 
The very similar results with organic and inorganic ammonium 
showed that the leaves were weU supplied with the non-nitrogenous 
^cursor of glutamine, or formed it readily from available materials. 
Chibnall (1939) aho infiltrated leaves of rye grass with a solution of 
ammonium a-ketoglutaratc. Most of the ammonia metabolized after 
mteryaU of 4 and 20 hours appeared as glutamine, organic acid being 
quantjtatncly utilized to form the carbon chain of the amide. Sugars 
disappeanng during the experiment were probably used in respiration. 
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amides 

r 1 » With ammonium a-ketoglutarate 

The resp.rahon of leaves the difference 

was greater than that of con synthesis of glutamine from 

may correspond to the ener^ endothermic (ICrebs, 1935). 

glutamic acid, a -eUon too™ ^ synthesis of 

Kretovich, Bundel, & Gunar ( ) ^sedlings, which also form 

glutamine from a-ketoglutano mmonia (ICretovich, Bundel, & 

aspartic acid from ,^ean (Vicia faba) synthesise anndes 

Aseyova, 1961). Leaves of broad ^ I ^ ICrotkov, 

from the corresponding dicarboxyhc anuno-acds (JN 

1066). . „ „n„,„hate labeUed with 1J'= to 

Willis (1961) auppUed ammomimi p conditions causing 

detached roots from barley ® ^e supply. The roots rapidly 

nitrogen deficiency and a high asparagine. Both amides 

synthesized glutamine and o a -pisen from the external supply 

c^tainedN», f ^tm^ed by a large increase in 

of ammonia; their synthesis 

respiration rate. ^ glutamic acids, and of their amides, 

The synthesis of aspartic an 8 jheir immediate non- 

is closely Unked to other ^ ..ketoglutario acid, are 

nitrogenous precursors, acid cycle, a major pathway 

prominent members of . j,, plant tissues, and take pa 

of oxidative carbohydrate P amino-acds, and 

in many other metabolic »ydrolys.s, and 

their amides, also arise directly ^ ^„ation of other amino-acifc 
indirectly from protein ‘>“»“8"asue, as opposed to an isolated 
The metabolic situation highly complex. 

enzyme system, must therefon.be big 

" rwaslong^ard^;e^::Sr^^ 

found in fruiting '“““rnTwhem it may 

Psalliota mmpestns, a jyanov. 1923a, i, " ,„,„l „itro- 

1903; Goris & i^I^cro 190^ ^i„g „p ,o ha^ 

accumulate to a .9.3a; Ivanov. .9-o. 

gen. In moulds and b 
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& ETOleston, 1939) urea arises by the hydrolytic breabdorm of 

from protein hydrolysis. In higher fungi it is also formed from 
carbon diordde and ammonia (Ivanov, 19236, 1927) and by an 
requiring process from amino-acids (other than arginine) produ^ m 
protein hydrolpis avanov, 1923c; Ivanov &. Smirnova, 19-»)- 

Evtracts from fungal fruiting bodies formed urea from arginme, u i " 

syntbeEis from ammonia required intact tissues (IvanOT & ToshevisOTa, 
1927). Kieael (1927) suggested that in some fungi urea played the same 
metabolic role as in animals, convertmg to a harmless form 
arising by the hreakdo-ira of protein. Urea formed by ftm^ ~ 
bowever, usually excreted; it accumulates in developing fruit bodies 
but its nitrogen appears to be available for protein synthesis 
spore formation (Ivanov, 1923a), It is not clear how urea is utilized m 
synthesis. One possible pathway is suggested by the pnssence (iTaaov 
& Ivetisova, 1931) of guanidinase in Asj>eTgiU\i8 niger. This enzyms 
converts urea to guanidine, which in tom leads to arg in i n e and other 
guanido compounds. 

Fosso (1912) detected small amoonts of urea in several higher plant^ 
including Braisica jiapm, B, d&aua, CicJicnum tndxda, Cueur:^ 
tmIo, CucuThUa maxima, Davcus carcAa, and Spinacia cHexacm* 1*® 
pointed out that it was not necessarily a normal metabohte, but cotu 
have been absorbed as such &om the soil. Later work (Foase, 191^) 
showed, however, that seedlings of these and various other species 
contained urea even when grown in water-culture to elimimil® the 
possibihly of it entering the plant through the roots. Fos=e also intro- 
duced a sensitive and specific method of detecting urea as the dixantbyl 
derivative. Weyland (1912) found urea in the fem Aspidium 
and the horset ails E^uisciutn limosum, E. syltaticum, and E. 
where he considered it to be associated with a copious development nf 
tndotrophic myconhiza m their roots; this was not confirmed hr 
Weis^fiog (1927). Other workers, e g. Klein & Taubbek (1032a, &). 
Damodarau t Yenkat<san {194S), Rcifer & Melville (1949), hare 
confirmed that urea is a widespread metabohte m higher green planti>- 
KcM-rthelcaS, it rcaains uncertain whether free urea occurs in their 
tissues, except perhaps m very low concentrations. There is evidence 
(Fosse, 192C, Klcia L Taubbek, 1932o. 6, Damodaran & Venkatcsan, 
l9iS; Brunei, 19o2, Moihes & Engelbrecht, 1930) that most of the urea 
in plant tissues is combined in laLfle ureides that break down to orc^ 
donng analy^i.. Such unndes are presumably not attacked by » 

wiucsi riad and actjvc enzj me that w ould be expected to keep the levtl 
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of free urea very low in many plant toes Brunei 

species of Leguminosae. once considered to ® “ however 

forming family, without "B^^7i,:;L„atae 4ere W 

“ '• “• 

Caesalpinioideae. 


B. Allantoin and Allantoic Acid . , f 

Allantoin was first isolated pfatonus orieiitoKs 

(Buniva &VauqueHn, 1800); plant sou ^ „ther woody 

Ischulse Barbieri, 1881). ^- ^ 

species (Schulze & Bosshar , )• /gcurti & Perciabosco, 

ftampton, 1886), seeds “t Coppin, lon)- 

1900), and the root of SympJyto”*'# ' species. Allantoic acid, 

Later workers detected it in immature fruits of Phaseolus 

first recognized as a plant cons i u (jojs^ 

vulgaris (Fosse, 1920), has since to ^j^^mas, & 

Brunei, & de Graeve, 1920^ ’>'• ■ ^^ma’s, 1933), usuaUy with 

Sarazin, 1930; Fosse, de Gcaew & „t the evidence refem to 

a llantoin but sometimes in ite absen . 183,) in mature 

seedlings, but aUantoic Jne), The earlier work on 

leaves of hazel iCorylus ^^n «I1 reviewed by Brunei 

allantoic acid and nUantoin m plants hasj .hromamgraphi 

& CapeUe (1947). Beuter . , unexamined species. Most 

survey, found ureides in many pre pssudopbtanus 

had one or two ureides; ^ '".melidaceae) had four. Indivi- 
(Aceraceao) and Parretia J®'" Ureides 0“"^“ u,T, 

dual ureides were not „rta (Touffet & 

(Reuter, 19=7n), S,ae 

and in vanous green, accompanied by 

Sosa-Bourdouil, 1958). The upecics, pnrfcntar ^ 

ted enzymes, which also nccu^“ species may aWonn 

where the substrates were ‘ . to detectable lei els. 

ureides, though not accumula in^rt®^ “Tuzirs thU 

Villeret (1958) noted that, associated “ ^ ’ iaal 

Sphagnum contained nei ” view, based on arato 

biochemical difference aupP° forms a qm 

characters (Chalaud, 19 )> 

group from other mosses. 
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& Eggleston, 1939) urea arises by the hydrolytic breakdo^vn of arginine 
coming from protein hydrolysis. In higlicr fungi it is also formed from 
carbon dioxide and ammonia (Ivanov, 19236, 1927) and by an oxygen- 
requiring process from amino-acids (other than arginine) pro 
protein hydrolysis (Ivanov, 1923c; Ivanov & Smirnova, 19- )• 
Extracts from fungal fruiting bodies formed urea from arginine, bu i 
synthesis from ammonia required intact tissues (Ivanov & Toshevi ova, 
1927). Kiesel (1927) suggested that in some fungi urea played the same 
metabolic role as in animals, converting to a harmless form an^oi^^ 
arising by the breakdown of protein. Urea formed by fungi is » 
however, usually excreted; it accumulates in developing fruit bo es 
but its nitrogen appears to be available for protein synthesis during 
spore formation (Ivanov, 1923a). It is not clear how urea is utilized m 
synthesis. Ono possible pathway is suggested by the presence (Ivauov 
& Ivctisova, 1931) of guanidinasc in Aspergillus niger. This enzy^® 
converts urea to guanidine, which in turn leads to arginine and other 
guanido compounds. 

Eosso (1912) detected small amounts of urea in several higher plants, 
including Brasaica napus, B. oUraua, Cichorium endivia, Cucunus 
7ndo, Cucurbita 7naxii7ia, Daucus carota, and Spinacia ohracea. H® 
pointed out that it was not necessarily a normal metabolite, but coul 
have been absorbed as such from the soil. Later work (Fosse, 19136) 
shoved, hovover, that seedlings of these and various other species 
contained urea even when grown in watcr-culturo to eliminate the 
possibility of it entering the plant through the roots. Fosse also intro- 
duced a sensitive and specific method of detecting urea as the dixanthyl 
derivative. Wcyland (1912) found urea in the fem Aspidiutn Jilix-u^^ 
and the horsetails Eguisciurn Ivnosum, E. sylxatiGwm, and E. telmuteiOt 
where he considered it to bo ossociated with a copious development of 
cndotropluc mycorrhiza in their roots; this was not confirmed by 
WcissQog (1927). Other workers, c.g. Klein & TaubOck (1932a, 6), 
Damodaran & Venkatesan (1948), Reifer Sc Melvillo (1949), have 
confirmed that urea is a widespread metabolite in higher green plants. 
No\ erlhcless, it remains uncertain whether free urea occurs in their 
tissues, except perhaps in very low concentrations. There is evidence 
(Fosse, 1920; lUcia Sc TaubOck. 1932a, 6; Daraodaran & Venkatesan, 
1918; Brunei, 1952; Mothers & Engclbrccht, 1950) that most of tho urea 
ia plant tissue is combined in labUo urcidcs that break down to urea 
dunng analysis Such ureidcs arc presumably not attacked by urease, a 
wnlctiprvad umi atli\u cnz>mo that would bo expected to keep the loU‘1 
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of free urea very low in many plant tiasneB. Bmnel 
species of Leguminosae. once considered to be 

forming family, without detecting free urea; nre.des were, hou ever 
often present, especiaUy in the subfamily Papthena ae where they 
Lemed Ire importan; metabolites than in the Jhmosordeae and 
Caesalpinioideae. 


B. Allantoin and Allantoic Acid 

AUantoin was first isolated from the ^^„ric„tolis 

(Buniva & Vauquelin, 1800); plant sources me nded to 

(Schulze & B^hieri, 1881). Acer ^ 

species (Schulze & Bosshard, 18 ), /c„„rf5 & Perciabosco, 

aampton, 188C), seeds '»>')• 

1906), and the root of Symphytum o£ici ( Allantoic acid, 

Later workers detected it in numerous ^ -jg phascoius 

first recognized as a plant constituent ^ ";;ecics (Fos.e. 
vulgaris (Fosse, 1920), has q ”, Thomas, i 

Brunei, & de Graeve, 1929^ b, > Thomas 1933), usually witH 

Sarazin, 1930; Fosse, de * vuch of the evidence refers to 

allantoin but sometimes in its a »ci . ^ 1937) in mature 

seedUngs, but allantoic carUer uork on 

leaves of hazel (Gor,/u. reviewed by Brunei 

allantoic acid and allantoin m p extensive cliromatographic 

& Capelle (1947). Beuter "'Jj^^lmnincai .qx-cles Host 

survey, found ureides m P . . .leer ii.^cudoi)t<itanus 

had one or two ureides, a /iramamcHdaccao) had four. Indivi* 
(Acemeeae) and to" ork. Umides occur in ferns 

dual ureides were not idenlifi (Toulfct k Villcmt, 19a8). 

(Reuter, 1957a), mosses ““ ^ algao (Villca-t. 1955, 19aS, 

and in various 8^™’'’™'' 'idcs wero accoral>anie<l by their ‘i~oci.v 

Scsa-Bcurdcuil. 1958). The urc^.; ^^awies, particubtr ly a^* 

ted enzymes, which also °““^,ec,ed. Such siwcuw “"‘y 

where the substrates to detectable Ic. eh. loufct i 

ureides, though not aceumulHm^_^^_^^ m.v.-.-s, s.^euw H 

Villeret (1058) noted that, . , the aisociatai ciizy u , _ 

Soaui contained neither ...oq.hologuul 

bfochemieal diffeicnco BUPl»ri^ fomc a quUc sei^mto 

characters (Cbalaud, 
group from other mosses. 
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C. Formation of Ureides and Urea in Plants 

Three pathways leading to urea, are known in plants: 

(1) arginine ->• urea -|- ornithine; 

(2) canavanine -+urea 4- canalino; 

(3) purines ->• allantoin ->■ allantoic acid urea + glyoxylate. 


Only the third of these ^vill bo considered hero as tho others do no 
lead to the formation of ureides. In animals (Jones, 1904; Kerr 
Seraidarian, 1945), higher plants (Schittenhelm, 1909; ICiesel, 1910), 
and yeast (Schutzenberger, 1874; Kossel, 1885) xanthine holds a centra 
position in purine breakdown, other purines being converted to i 
before further catabolism. Tho conversion of adenine and guanine to 


xanthine involves deamination. Scliittcnhelm (1909) found an enz^® 
deaminating guanine to xanthine in lupin seedlings. Azotobacter vine 
landii contains a specific adenine deaminase, which does not attac 
guanine or hypoxantbine (Heppel, Hurwitz, & Horecker, 1951)' 
Individual purines are recorded from many plants. Kossel (188J) 
found xanthine and adenine in tea; Belzung (1892) showed xanthine to 
bo abundant in seedlings of Cicer arieiinum; Itiesel (19216) obtained 
adenine, guanine, hypoxantbine, and xanthine from ripening ears oi 
rye {Secale cereaU). ilethylated xanthines occur in various plants but 
are less widespread than xanthine itself; they are resistant to enzyuiatio 
breakdown, but appear to ho metabolized before translocation from 
senescent leaves (Weevers, 1930). Tea (CameUia thea) contains theophyl- 
line (1,3-dimethylxanthinc) and caffeine (1,3,7-trimethylxanthine); 

thcobromino (3,7-<limethylxanthine) occurs in cocoa {^TJieobroina 


cacao). 


In animal tissues xanthine is oxidized by xanthine oxidase to unc 
acid, a corapoimd excreted by man and the higher apes, but in most 
other animals further oxidized by uricaso to allantoin. Allantoin is 
converted by allantoinase to allantoic acid, split in turn by allantoicas® 
to urea and glyoxyUc acid {Fig. 47). All the compounds involved in this 
sequence have been found in plant tissues. The occurrence of xanthine, 
allantoin, and allantoic acid baa already been mentioned. Uric acid, 
reported less frequently, is known from spores of Aspergillus oryzas 
(Sumi, 1028) and among higher plants from 2£elilotus oficinali^> 
TnfoUum sativum, and Viciafaba (Fosse, de Graeve, & Thomas, 1932a, 
b) and Sorghum hahpense (Mikhlin & Ivanov. 1936). 

The m<^e of action of uncase is still not entirely clear. There is 
evidence (Fischer & Ach, 1890; Behrend, 1D04; Schuler & Beindel, 
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D. Enzymes of Purine Catabolism in Plants 

Xanthine osidase, studied mainly in preparations of animal on^. 
is also known from, moulds (Taha, Storck-Itneg, & I'ra 
Xemec (1021) showed that soybean seeds formed ammoma 
potassium urate and so probably contained uncase. Seeds of * iw ' 
tabacum contain little uncase, but it is active in seedlings 2-3 weel^ 
(Gayrel, 1939). Fosse, Brunei, & de Graeve (1929a) found ^ 
Huctcen legumes to convert uric acid to allantoic acid. Ten o ^ 
seeds were known (Fosse & Brunei, 1929) to contain aUantou^ 
it was therefore a-ssumed that a uricase formed allantoin which wa3 
broken down to allantoic acid. AUantoicase has been found ^ 
fungi AapergiUui niger and A. phoenicis (Brunei, 1939) and in some u 
not all of the legumes investigated (fichevin & Brunei, 193 <fl, 
Seeds of Lupinua albus (fichevin & Brunei, 1937a) and of Agrost^^^ 
githago (Brunei & fichevin, 1937) contain little or no allantoic acid, 
it appears in appreciable amounts soon after germination. Villeret (l9a«>j 
1958) foimd allantoinase in numerous fresh-water algae, mcludiHo 
Chlamydomonaa Tiumxcola, Chlordla pyrenoidosa, Slaurastrum 
Coamarium /orm<wuZum, Zygnema circumcarinatum, Pleurochloris cojn 
muiata, 2ittzachia dosierium, Anabaena cylindrica, and Calcthn^ 
paridina. .iUlantoicase was detected in desmids only. Both enzyme^ 
were found in red, brown, and green marine algae, but allantoxcase w^ 
less widespread than allantoinase. Touffet i Villeret (195S) studied 
twenty-fivo mosses and four iiTcn,\orts. The levels of allantoin and 
allantoic acid were very variable in both groups. Mosses other than 
Sphagnum had much allantoinase and little allantoicase, the position 
being revereed in the liverworts All the nine species of Sphagnum 
which were tcated lacked both ureides and the corresponding 
Urease is very speciBc, acting only on urea and on 
(ITjK.CO.XH CO.NHs) (Takeuchi. 1909; Shaw & Kistiakowsky, 1950). 
It was first discovered in bacUrial extracts by Musculus (1876) but it3 
existence was foreshadowed by Fourcroy & Vauquehn (1799) 
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studied the conversion, presumably by bacterial action, of u^ to 
ammonium carbonate in human mine on standing. They noted that 
this change did not occur if the urine were evaporated to drjmess and 
the residue dissolved in water made np to the original volume. This 
procedure, they stated, destroyed “an albuminous or Sf 
Lstance acting as a ferment and r^]mns.ble for 
ammonia”. Urease is ividespread in higher plants 
liiesel 1011; ZempMn, 1912; ITosse. 1914; Damodaran ^ Sivarama 

krishn^n, 1937;Brunel, 1952).Seedsareoftengoods^cBsott^^^^^^ 

the richest is Caamniia ens,>«is (jack bean) 

seeds rvith urease actirity-rm^^^— “ 

Knttu^pSu"- — 

vulgaris). , v.monomethylurca as its solo source 

^aciTlua aptorieus grows wdh W mono 
of carbon and mtrogen, metabobiing •>' 
similar to that catalysed by urease (Iyer & KaUio, 1068). 

H,C— NH HjC— NHs 

1 + 

CO -» COj 

I +„ 

NH, ^2, 

Amoleculeofmethylaminethusmp^eern^^^^^^^ 

formed on hydrolysis of urea. The 
catalysing this reaction is not clear. 


bacteria are not knoim in 


E. Other pathways of Purine _ 

Various other pathways ® ^ Sirevlococcus allanlolcus 

higher plants, 

formed oaamic acid (HOOC.COiNUi. 1030 but nothing 

ThissubstancehasbcenfeundinsugartoMl 

is known of its metabolism in big P Clostridium acid,-unct 

The anaerobic breakdoiro o p too other punnes 

and O. cglindrosporum has been m * Barker. 1953; 

are attacked after Bacterial cultures produce wrbon 

Rabinowitz it Barker, , ^nthine and urlo acid (Barker 

dioxide, ammonia, and ““'■“ftftre p^ucts are glycine (aldch in 
& Beck, 1941). In teU-freo eatracts 
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intact bacteria gives rise to acetic arad^ formic acid. 

(Eadin & Barker, 1953; Kabinorvitz & Barker, lOuOa). 

Llyl carboxylic acid, aminoimidaMle, and formirainog y 

been identified as intermediates in the breakdown of xanthine ( 

1 Pricer. 19560, ii; Eahinowitx, 1D5G). The breakdown of 


H -C OH 



Xanthine 


/ 


Ureidoimidazolyl carboxylic acid 



HjN — C NH 

Aminoimldazole 

HOOCCH..NHCH-NH 

Forfnlmlno|lycme 

i 

HOOC.CH,NH, + H COOH + NH, 

Glycine Formic add 

Fio. 49. 


/ 


Amlnolmldazolyl carboxylic acid 


formiminoglycino to glycine, formic acid, and ammonia is an ene^ 
yielding process in which adenosine triphosphate is formed by reactio^ 
involving folic acid (Rabinowitz & Pneer, 1966c). The main, interm 
atca recognized in this sequence are shown in Pig. 49. 

F. Physiological functions of Ureidcs 

iVUantoin and allantoic acid, although less ubiquitous than tbe 
amides, are much ^to widespread as plant constituents than 
fonnerly bdlOvea, In 8oy“® species they play a major part in the storage 
and transport of nitroge? species are often unrelated systcmati- 

callj', but ureido plants concentrated in some ^oups, 
notably the very importaiV^ subfamily Papihonatae of Leguminosae. 

Hie earlier results of co-workers suggested, as cli 
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those of Putucker (1932) with Borago oJfci^Us, that the ^ides were 
essentially products of purine catabolism. Ihero .s no doubt that they 
do arise this way; later work, however, ^I-ed that some^ant^ 
eo Acer pser,dopla!a,iue, A. negundo. tVutana emc,ms (Brand & 
Pchoviu 1038- llolliatd, fichovin, & Brunei, 1938; iSchovm, Brune , 
^rr;:;."9li):coutai;«ram^^^^^^^ 

in purine breakdown. Sosa-Bourdouil, . -j nnt^toamuch 

in developing fruits and seeds ^ compounds carrying 

smaller e.vtent allantoiu, were Jly in the hulls. 

main nitrogenous compound m t re snecies it replaces the 

and other species of the same f "“8- as a reserve of 
amides, wliich are present on y ™ j, ^j^iar in Symphytum 

nitrogen for protein synthcsi . P allantoin stored m the 

ojfcimh (Slothes & Engclbrecht, 195 ), 

root system during the winter mo ^ ; jt, content increases 

shoots,In summerthe roots contam " fcom 

sharply in autumn, when 8°'“*’ ® ® ^ce translocated to the toots. 

protein breakdown in 8°"““" ... j„ s„me species where amides are 

1:110 ureides are also major metobol ,^^^cht, 1054; Mothes & 

prominent, e.g. Phaseoluu vulgar, in the transport of 

Eugelbrecht, 1956). Allantoic Aescwiws indtea (Hippo- 

nitrogen in Pervea ^SapindaLe), Carioa papaya (Can- 

castanaceae), Aketryon ex moniaceae) (Bollard, 1957c). 

oaceae), and Cohaea scandens (Po e ^thesis. Brunei & Brund- 

Little is definitely known about umd^.^ 

Copdlo (1951) reported (^version of allantoic acid to 

preparations of mushrooms K„otB of pumpkin 

allantoin was not found j ^carbonate accumulate radio- 

lOucurUia) supplied with !:::i„o-acids. Alanine, no™aI y 

active carbon in allantoin as in phosphorus deficiency 

the most prominent ^nino (Kulaeva, Silina, & vursan 

by allantoin, glutamine, an 

""Lpka 5C Towers (1958. )^„"^;rh"amed“ HU.c o^ 

metabolite in germinating ^Uantoin much more active y a 

no allantoic acid. The roots formed 
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those Of Punicker (1032) suth Bam,o offamUs that the ureides were 
essentmllj products of punne catabohsm There - “ ^jbt 
do arise m this way, later work however showed that P>“ ^ 

c g Acer psendoplatamis A negundo Wtslarm mmsis ( 

Ael 1038,5Iolhard Echevin r An e^A ise 

Sartonus 1040) contained lar^r amounte o jj that 

m purine breakdown Sosa ^ ,, toic acid and to a much 

m developing fruits and seeds o ^ compounds carrying 

smaller cMent allantoin w ere ’7“'"?"* ‘”7° orariy m the hulls 

nitrogen to the '^^"uaftomA other leguminous fruits was suggested 

A similar function for allantoin ra other leg 

earlier (Pfenninger nosoj) And that allantoic acid was the 

Mothes A sap of Acer 

mam nitrogenous compound m g replaces the 

and other species of the same genus In th se ^ 

amides winch are present only ,, „„,,sr m Sgmphgtum 

nitrogen for 7 -u. 195« where allantoin stored m the 

officinale (Mothes A Engelbrecht ) ^ growing 

root system dunng the winter mov j, join its content increases 
shoots In summer the roots “7’" “ ^ “cTmpounds ansing from 
sharply m autumn when translated to the roots 

protein breakdown m senes , . species where amides are 

The urcides are also major metabol 1954 Mothes A 

prominent eg Phaecolus mtgan < 8 transport of 

Lgelbrecht 1956) “'Auiaceae) Aesculus m*cu (H.ppo 

mtrogen m Persea amencam ( . Jcum Oonco papaya (Can 

castanaceae) AUciryon omaceac) (Bollard 1957c) 

caceae) and Coiucu scundens ( o Brunei A Brunei 

Little IS definitely knoivn about ure ^ allantoic acid in 

Capclle (1951) reported »" Com ersion of allantoic acid to 

preparations of mushrooms (Fan hotu^^ pumpkin 

allamoin was not found Carbonate accumulate radio 

„ (1U5S 1959) found allantoin to be an acli 

Ivmpka A Towers (‘"•’S i ' „g,ch contained 1 tt c or 

metabolite m E®™;"" 7 f 3 ';o‘„,ed allantom much more actively^ 
no allantoic acid 
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the leaves. No evidence was found for its direct synthesis from i 
glyoxylic acid. Glycine labelled with was an effective prcci 
allantoin, probably via purines. Seedlings supplied through t 
with uric acid or xanthine contained much more allantoin than 
supplied with sucrose, or with sucrose plus ammonium nil 
wheat, allantoin thus appears to arise in iiurine breakdown; it 
catabolism leads to allantoic acid, which in turn forms r 
glyoxylic acid; the latter is readily converted to glycine, a siil 
many synthetic reactions. Barnes (1950) showed that detached 
Acer saccharinum formed allantoin and allantoic acid from 
adenine supplied through the petioles and suggested the 
catabolic sequence: 

adenine hypoxanthme -*• xantliine ^ uric acid -> 

allantoin allantoio acid urea -}- gl 

Other compounds related to urea occur in plants, but tli 
bolUra remains obscure. IClein & Parkas (1030) isolated thio' 
seeds of Lahurnum anagijroxde^. Ovcharov (1937) reported 
thiourea in healthy, and much larger amounts in rust-infect 
of Alchemilla mdgaris, Jlkamntis catJiarltca, and iiubtte sax 
found chlorophyll breakdown to be much accelerated in loaves 
their petioles in dilute solutions of thiourea compared with ( 
water. Tlie fungi Bolrylis cinerea, Pylhium sp., and Y 
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dahltae are stated to form tMourea in culture {Ovcharov, 1937; Zelenir 
1939). Bhantz & Steward (1955) identified a growth-promoting- sufc 
stance from coconut milk (Oocos nucifera) as 1,3 diphenylurea. 

Some substituted ureas are powerful herbicides used in the complete 
removal of vegetation from industrial sites. They are also apph'ed a: 
low rates (of the order of 1 Jb per acre or 1 kg per hectare) as selectivt 
pre-emergence weed-killers in vanous crops. The most-used com- 
pounds of this type are 3-phenyl-iV‘,^r-dimethylurea, 3 fp chloiphenyl)- 
J\r,2/-dimethylurea, and 3 (3,4-dichlorphenyl)-i\^,ii^-dimethy]urea (Fig. 
50). The second of these, known as monuron or CSfU, has received 
some physiological study. It enters roots easily, and is transported in 
the xylem to the leaves, where its main effects are localized (Muzik, 
Cruzado, & Zoustalot, 1054) At very hw concentrations in the leaf it 
specifically inhibits photosynthesis (^Vessels & Van der Veen, 1956; 
Spikes, 1956). 


C. ARGININE AND CITRULLINE 

A. Arginine 

Arginine, discovered in pumpkin seedlings by Schulze & Steiger 
(1886), Is a regular component of proteins; some seed proteins, eg. 
those of the pea {Pisum sativum) (Holmes, 1 053), contain largo amounts. 
The free amino-acid is widely distributed; it accumulates in seedlings of 
Legurainosae and Coniferac (Rongger, 1899; Schulze, 1904a), in tubers 
of cassava (^Manihot nlihssima, Eupliorbiaccac) (Bjg%TOod, Adriaens, & 
SKdard, 1952; Close, Adriaens, Jloorc, & Bigwood, 1953), and in 
vegetative organs of numerous other species (Reuter, 1957«; Oland, 
1959), It is prominent in immature pea seeds (Schulze, IDll; Spragg. 
1955). 

Arginase, which splits arginine to omitliine and urea, is widespread 
in flow ering plants (Ivicsel I91 1, 19226; Dnmodaran & Narayanan, 1 940; 
James, 1949; Vaidyanathan & Gin, 1953) and in algae (Smith & Voung, 
1955). In animals aigininc, together with citrulline and ornithine, takes 
part in a cyclic process forming urea (Krebs & Hcnseleit, 1932); there 
is good evidence (e.g. Skinner & Street, 1054; Ktisting & Dehriche, 
1955) for the occurrence of this <ycle in higher plants nlw. 

Armnine is thus clearly an active metabolite. It is less certain that 
it arises, like the amides, in response to high concentrations of ammonia 
in plant tissues Tliis possibility was suggested by Schulze (1806-07), 
u ho found large amounts of arpinine in j oting sewllings of the conifers 
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Abies pectinata, Picea excelsa, and Pinus sijlvestris. He concluded that 
part of the arginine arose hy secondary transformations of the primarj’ 
products of protein hydrolysis. His arguments, however, seem to assume 
a rather low arginine content in the seed proteins. Suzuki (I90CM32a) 
claimed that in seedlings of Cryptomeria japonica and Pinus Ihitnbergii 
arginine took the part played by aqjaragine in other seedlings, being 
formed on deamination of other amino-acids and in response to external 
supplies of ammonia. Schulze & Winterstein (1901) determined arginine 
in reserve seed proteins of several species. Seed proteins in the conifers 
Picea excelsa, Pinna mariiima, and Pinus sylveslris, and in hemp 
(Cannabis aa(ii’o), were rich in arginine, suggesting that in their seedlings 
it could arise in quantity by protein hydrolysis. Schulze & CJastoro 
(1904) showed that the arginine accumulating in etiolated seedlings of 
Znipinus luteus could all be formed directly in protein hydrolysis. 

Mothes (1929), repeating Suznld’B experiments with seedlings of 
Abies nordmanniana, Picea exedsa, Finns nigra, Pinus ptnea, and 
Pinus thunhergii, found no secondary synthesis of arginine. Seedlings 
of Ptcea supplied with ammonia in the h'ght or the dark formed 
asparagine rather than arginine, as was found also in Pinus pinea 
(Klein 4: TaubOck, 1932a, 6), Guitton (1959) showed that in germinating 
seeds of Pinus pinaster arginase activity increased during imbibition 
much more rapidly than free arginine. Arginine was the main soluble 
nitrogen compound; asparagine and glutamine were also present, as in 
seedlings (Schulze, 1896-97) of Picea and Pinus sylvestris. It appears, 
as stressed by Jlothes (1929), that protein hydrolysis accounts for 
accumulation of arginine in coniferous seedlings. In some species 
arginine is an important nitrogenous reserve, as in apple (Oland & 
Yemm, 1950), peach (Schneider, 1958), and Phaseolus (Pleshkov, 
Ivanko, & Antonova, 1957). Extraction of arginine in some experiments 
may have been incomplete; it is inefficiently extracted by 70 per cent 
ethanol, widely used as a solvent in such studies. Hot water, and sodium 
chloride solution buffered to pH 7 give better extraction (Oland & 
Ycmm, 1956). 

Arpnine is the main free amino-acid in bulbs of tuHp {TtiUpa 
gtsnerianay, almost half the protein nitrogen of the bulb is in argininyl 
^idues (Zneharius, Cathey, & Steward, 1057). Tlie development of 
floral rudiments m the bulb is accompanied by amide formation at the 
expen^a of arginine. Aigininc is t^-pical of storage rather than active 
issues in other species. It is abundant (Heuter. 1957a) in underground 
storage organs of Allium nrsinum. Anemone puUalilla, Arum maculatum, 
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Madya cordala, Nympham alba, Potypodium aurenm, and Pteridium 
ayuilinum, but much ]eas prominent than amides and amino-acids in 
their growing parts Similar results are recorded for Oxalis dema 
(Liss, 1058). 

B, CitruJJine 

This amino-aoid {see Chapter 7) is an important metabolite in 
Betulaceae and the related family Juglandaceae It is a major consti~ 
tuent (Bollard, 1057c} of the xylem sap in several species scattered 
through other families. Detached shoots of hazel {Gorylits aiellana, 
Betulaceae) formed much citrull/ne in response to an external supply 
of amraom'a (Reuter, 19576) In hazel and some other species citruUine 
is the main soluble compound storing and transporting nitrogen. 


D. y-JfETHYLENEGLUTAHIINE 
In the germinating peanut (Arachis hypogata) this amide accumu* 
lates markedly (Fowden, 1054a), being formed secondarily from the 
hydrolysis products of reserve proteins. It occurs also in the bulb of 
the tulip ( Tuhpa gesneriana), irhero it seems a rather inaotire metabolite 
(Fowden & Steward, 19576, Zacharius, Cathey, & Steward, 1057). 
A higher analogue of glutamine (aminocarboxyvaleramidc, “homo- 
glutamine”) has been synthesized (Abraham & Newton, 1954) but is 
not known from natural sources. 

E ETHYLGLCTAMTiYE (THEANTNEJ 
This amide is an active metabolite in leaves of the tea plant where 
it is the most abundant free amino-acid (Sakato, 1957). 

F. OTHER AMINO-ACIDS 

In rice (Oryza satita) little amide is formed m response to external 
ammonium supply. JIalavolta (1957) found the same amounts of amide 
in rice plants groum with nitrate and with ammonium salts; in both 
cases practically all the amide u as glutamine. Zsoldos ( 1 957) also found 
the amide content of rice plants to bo almost unaffected by increasing 
supplies of ammonium, uhich, however, led to a largo sjTithcsis of 
alanine in the roots and of tjTOsine in the shoots; both shoots and roots 
accumulated peptides Other individual amino-acids were unaffected 
by ammonium supply. 
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Other amino-aeids are prominent in the metabolism of 
species e.B. azetidine-2-earboxylio acid in CmvaVana ““ 

Folygonalum muWJlonmi (both liliaceae) (Fowden & Bryan , a . 
1959; Fowden, 1939a) and 8-rV-aeetyIomitbine in . 

Fumariaoeae (Reuter, 1937a). These compounds may weU be 
secondarilv from ammonia arising rrithin the plant or Bupphe 
nally; experimental evidence on this point is, however, lacking. 


G XEUTRAUZATIOX OF AimONIA BY 
OEGAXIG ACIDS 

Production of free ammonia and of organic acid are eclated m 
some moulds (Wehmer, 1691; Butkevich, 1903, 1922a, 5 )- 
Wetzel (1920, 1927, 1929) and Kultscher (1932) suggested that in plant 
with highly acid sap (c.g. Begonia aemperjlorens, Bheum hytin urn) 
excess ammonia arising in protein catabolism is neutralized by orgaiu 
acids. Some of these plants are remarkably acid; oxalic acid mrms - 
per cent of the dry weight in Begonia semptrjlorens, whose sap has a p 
of 1-3. Other plants with acid tissues include Fagopyntm eacnlentn ^ 
(Moyse, 1950), Bttmex aalosa (Jloyse, 1930; lass, 1958), OzaUa deppe’ 
(Sohwarze, 1932; lass, 1938), and Begonia liispida and B. ndnmhiiSohvm 
(lass, 1958). Garber (1935) found that “acid” plants responded <> 
gaseous ammonia by forming ammonium salts of organic aci . 


“non-acid” plants formed amides. 

Extensive studies on the metabolism of acids and nitrogeno^ 
compounds in rhubarb rhaponlxcum) failed to sho^ any 

correlation between ammonia content (usually quite low) and aci 
formation (Culpepper & Caldwell, 1932; Pucher, Clark, & Vicketys 
1937o, 6; Vickerj', Pucher, 'R’okeman, & Leavenworth, 1039). Glutamine 
was found in rhubarb leaves in spite of their high acidity. It occum m 
other acid tiMues, e.g. apple fruits (which also contain asparagine) 
(Hulme, 1930; ^IcKee & Urbach, 1933), orange fruits (Scurti & D® 
Plato, 1908) and leaves of Oxalis deppei (Liss, 1958). It has been sug- 
gested that glutamine cannot be stable in acid tissues- The tissues 
analysed arc, however, clearly heterogenous in acidity and chemical 
composition, as demonstrated for Oxalic deppn and Rheum rhaher- 
harttm by Liss (1958). Even within single cells the acidity and com* 
]>osition of the vacuole and the cj'toplasm are known to differ. 
Glutamine is fairly stable at room temperature at pH 1*9; in these 
conditions Liss (1958) found 10 per cent hydrolj'sis in 24 hours and 50 
per cent in IGS hours. 
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Acid tissues form imides ammomum salts of orgamc acids and 
argimne The factors deteniiining the proportions m whicJi tliese com 
pounds are formed remain obscure it is <also not dear whether neutral 
ammonium salts have some toxicity or con accumulate mthout 
damaging the cell 
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PBOTEINS AND THEIR SYNTHESIS 

A. COMPOSITION AND STRUCTURE OF PROTEINS 
A. Historical 

The first materials largely composed of protein to be studie ttc 
casein (from cheese) and albumen (egg-white). The terms m i^e o y 
for protein in some languages, e.g. Eitceiss in German and ' 
Bu'ssian, are direct translations of the Latin word albumen. 
languages, e.g. English and French, use 'protein’ as a ^ 

reserving ‘albumin’ for a particular tyi>c of protem.^ Grew 
Gaertner (1788) applied the word ‘albnroen’ to materials in seeds w c 
resembled egg white in physical properties, and noted that they 
nourished the developing embryo plant just as reserves in the eg 
supplied the growing chick. The term protein, derived 
Greek irpun-elo? (first; most important), was introduced (Slulder, 
1838, 1839, 1840) in a sense distinctly dbffcrent from that now u^ 
Mulder concluded from analyses of several animal proteins, including 
fibrin, egg albumin, and silk, that they contained an organic radica 
C 4 oHeiE^ioOii combined with varying amounts of phosphorus an 
sulphur. Tiie idea of organic radicals was then new; its introduction 
(Wohler & Liebig, 1832; Berrclias, 1832) in the course of studi^ 
on benzaldehydc and related compounds was a major advance m 
organic chemistry, formulating a whole series of related compounds 
in terms of a single radical, “niis radical was named benzoyl, hen2* 
aldehyde being written BzHj, benzoic acid Bz02, and so on. This 
success encouraged Mulder to apply the same method; he named his 
supposed radical ‘protein’, formulating egg albumin as Pr.oPS. an 
blood albumin as Pr 2 ttPS 4 . These formulae, though of course untenable, 
have the merit that the complexity of protein structure is recognized 
by an assigned molecular weight of over 17,000. Defects in this pioneer 
attempt at a chemical description of proteins were soon pointed out 
(Liebig, 1840; Laskowski, 184G) and interest in the subject lapsed for 
many years. Tlic conclusion that protein molecules were very large, 
compared with those of simple chemical structure, was confirmed bj 
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the observation (Graham, 1861) that they were retained by parchment 
membranes througli which many substances passed freely. 

Protein was long supposed fo be essentially an animal product, 
its occurrence in materials of Triable origin being considered ano- 
malous, Osborne (1024), summarizing the history of investigations on 
plant proteins, could nevertheless cite several early students, beginning 
with Beccari in 1728, who obtained from plant boutccs substances that 
they recognized as similar to casein and other protein-rich animal 
materials. Beccari isolated from wheat grain the substance now called 
gluten, and noted that, in agreement with animal materials but unlike 
other plant products, it gave an alkaline distillate on destructive 
distillation. Kessel-ileyer in 1759 and Tarmentier in 1773^70 also 
studied gluten, the latter recording its disappearance during germina- 
tion. Rouello (1773) obtained protein preparations by fractional heat 
coagulation of the juice of hemlock (Conhim maculalum); one fraction 
contained nearly all the green pigment of the juice, another fraction was 
colourless and coagulated at a higher temperature. Fourcroy (1780) 
prepared similar materials from other plants. The proteins thus sho^m 
to exist in leaves received little further study for over 100 years. 
Vauquelin (1709) analysed the latex of Cariea papaya and found that it 
contained a substanco resembling blood albumin ond shoui'ng all the 
properties of animal substances, in particular the formation of ammon- 
ium carbonate on destructive distillation. This observation, together 
with earlier data on albumins in leaves, led bim to stress that plants ns 
well as animals produce tho compounds now known as proteins. 
Proteins are, honever, more prominent in animals, whore they arc an 
important structural material, than in plants, which are built largely 
of substances derived from carbohydrate. In both groups mctabolicany 
active cellular material consists largely of protein. Bmeonnot (1813) 
noted that a fungus (BoUtua juglandis) contained protein. 

The difficulty of detecting any but the largest dificrcnces between 
individual proteins by pro.rimate analj-sis delayed recognition of their 
great diversity. The individuality of certain proteins xras admittorl. 
hut their number was believed to be quite small. Liebig (1841), for 
instance, stated that albumin, casein, and fibrin had the same comi>o- 
sition, and saw little difiercnce between plant and animal proteins. 
Even at this stage, however, some workers mniutnined that distinct 
proteins could bo distinguisbwl by cbenueal mctl.ods. Dumas & 
Cahours (1 842). using a new and accurate analytical method, rstablidml 
comparativclv large variations in the nitrogen content of protemJ. 
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Their method is stiii used for reference work, though repiaced for 
routine purposes by ti.at of Kjeldalil (1883) and its many modifcations. 
Norton (1848), working in Jluldcr’s laboratory at Utrcclit, Hollanu, 
analysed proteins from tlie seeds of almonds, oats, and peas, an 
concluded that the iegumin of peas showed some striking points 
of difference from the other two proteins. Difficulties in obtaining 
pure preparations of individual proteins may well have koen e 
limiting factor at this time rather than deficiencies of analytical 


technique. 

The early workers knew that some amino-acids appeared on acia 
hydrolysis of proteins. Bracormot (1820) obtained glycine by acid 
hydrolysis of gelatine. He was aware that wood gave sugar on hydrolpis, 
and considered glycine (which has a su-eet taste, the name 
derived from the Greek yXvia^s) as ‘sugar of gelatine’. He also used 
the name leucine for a product of protein hydrol3'sis, though it is 
improbable that his product was an even approximately pure specimen 
of the atmno-acid now known by this name. Later (Braconnot, 1827fl). 
in the course of a study on the toughening of peas cooked in hard water, 
he gave the name Iegumin, which is still in use, to a protein from pea 
seeds and recorded that on acid hj^drolysis it formed ‘leucine. Xo 
attempt to distinguish between proteins by differences in their ammo- 
acid content was made at this stage, nor would it have been a very 
profitable approach with the analytical methods then available. The 
first serious comparison of the amino-acids of different proteins was 
probably that made by Ritthausen (1872). Although he established 
large differences between proteins in the content of aspartic and 
particularly glutamic acids, Ritthausen concluded from his very 
extensive studies of seed proteins between 1860 and 1899 that the 
number of distinct substances of this class was comparatively small. 
Ritthausen laid the foundation for the chemical study of proteins; his 
work was extended by Osborne, who entered this field in about 1890 
and summarized his results 30 years later (Osborne, 1924). In contrast 
to Ritthausen, Osborne stressed the great variety of different proteins 
and estabbshed that most, and perhaps all, of the species he investigated 
had quite distinct seed proteins. 

Subsequent work has further emphasized the diversity of proteins, 
both by recognition of numerous enzymatic proteins and improved 
phj'sical methods of characterization. It is now realized that proteins 
occur naturally in complex mixtures, whose resolution into their 
individual components may be extremely difficult. Accurate deter- 
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mination of the amino-acid residues of a protein specifies its composition 
far more precisely than is possible by elementary analysis; physical 
methods — diffusion, electrophoresis, measurement of osmotic pressure, 
sedimentation m the ultracentnfuge — establish homogeneity of 
particle size mthin fairly narrour limits. It is, hoirever, impossible to 
establish finally by the methods now* available that tvo proteins of 
different origin are identical, xrith the possible exception of proteins of 
low molecularweightwherethesequenceand arrangement of amino-acid 
residues can be unequivocally determined. The crj’stallization of pro- 
teins has encouraged undue faith in their homogeneity. Protein crystals 
have long been known. Hartig (1855) observed crystals of etcclsin, a 
reserve protein in seeds of the Brazil nut {BerihoUetia excelsa, Lecythi- 
daceae), it was crystallized artificially by Jfaschke (1858). Jfany pro- 
teins, including numerous enzymes, have been crystalhzed but some 
are known to be heterogenous even after repeated recrj'stallization. 
The ^-lactoglobuhn of milk, long cited as an outstanding example of 
a pure and homogenous protein, is now known to contain distinct 
components, which remain together even after nine recrystalhzations; 
it is an open question whether these newly separated constituents arc 
themselves homogenous (Smithies, 1954; Ogston & Tilley, 1055; 
Ogston & Tombs, 1 957), CxystalLne ribonueJeaso has also been scparatwl 
into two enzymatically active components (JIartin & Porter, 1051). 
^-Lactoglobulin was probably the first protein to be assigned an 
empirical formula (C,s„Hj(„s 03 „N 4 „S..,) with plausible claims to 
correctness. This formula was based on a considerable feat of ammo- 
acid analysis (Brand, Saidel, Goldwntcr, Kassel, & R 5 -nn, 1045); 
unfortunately the material used is unlikely, in view of later work, to 
have been homogenous. 


B. Protein structure 
(i) Peptide Unlagcs 

It was realized by IflOO that a considerable part, and po-y»ibJy all, 
of the protein molecule wtis built up from ummo-neH resMuee, The 
first clear suggestion on the nature of their Iinirapc in protein uai the 
poljT<^pti(lo In-pothesis, put foruunl inrlepcnclenlly by Fi.cher (ITOit) 
unci irofmcisler (1002). Ibis hjTolhesis osuimM tint amino acul. 
condense to form peptides, us in the loaclion siioim beloir, re[ie.,le. 
condensation of peptides formiuR larger moleeulM of the aame type am! 
eventually protein. .\ny open-chain peptide, liouever many ammo- 
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acid residues it may contain, must have at least one free amino group 
and one free carboxyl group available for further condensation. 


— HjO 

H„TS\BCH.COOH + HaN.R'CH.COOH v 

H2N.RCH.C0NH.R'CH.C00H 
The — CONH— or peptide linkage closely resembles the — CONH 3 
group of amides. 

Strong evidence that the peptide hypothesis represents the actual 
structure of protein came from studies on peptide synthesis from amino- 
acids (Fischer & Foumcau, 1001 ; Fischer, 19026, lOOGa; Curtius, 1904) 


S»r-4.eu— Tjrr— GIuNH, 

/AL 


CIr— II«o— VaU-«lu-.CIaHHr-^r» 




Itu 

LpNH, 

(ir»— AipNH, 





Al*— Cy*— Pr^Thr— T» 


Strucwnl unit of insulin (Amlno^d residues *re shown by abbreviations of their 
names: GluNH, — Glutamine; AspNH, = Asparaelne) ' 

Structure is the same In all species Investigated except In the part of the small ring shown 
mVm tJownwards. is; beef. VAL— SER— ALA: /'«• 

whale. ILEU— SER— THR, sheep, VAL— GLY— ALA; horse. ILEU— GLY— THR. These three 
positions are cited In the text as A, B and C respectively. 


and from the detection in protein hydrolysates of peptide.s varj'ing in 
complexity from dipeptides to polypeptides containing ten or more 
amino-acKl re.-idues. Work of this tyiKj culminated in the determination 
of the complete stnicturc of the insulin molecule (Fig Trl) one of the 
greatest triumphs yet achieved in the application of chemistrj* to the 
Btnicluml analys.3 of natural products. The unit structure of insulin 
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consists of ti^o iiotj-peptide chains one containing 21 and the other 
30 ammo acid residues they nro joined hy disulphide bndges between 
c} stoinyl residues 3Iost of the ammo acids commonly found in proteins 
occurm the insulin molecule Aaparticacid methionine and tryptophan 
are absent but the first of these occurs as asparagine The terminal 
glj^cino and phenylalanine residues have free amino groups free 
carboxj I groups appear m the terminal alanine and asparagine residues 
(Sanger & Tuppy lOBJa b Sanger & Thompson }953 q b Sanger 
Thompson A, Ivitai 1055 Rjle Sanger Smith & Kitai 1955) The 
structure of beef insulin xvas first established later work (Brown 
Sanger A Kitni 1955 Hams Sanger ANaughton 1956) shoued that 
insulins from sheep horse and whale have small but distinct differences 
m ammo acid composition affecting in each case the same sequence 
of three ammo acid residues (Fig 51) Pig insuhn is identical with 
that from uhale These variants invohe only replacement of ammo 
acids by others that are structurally veiy similar position A (Fig 51) 

IS aluays occupied by valine or isoleucine position B by serine or 
gljcine and position C by alamne or threonine The insuhn units 
represented by these structures have molecular weights of about 6 000 
the natural hormone probably contains two such umts bnked by an 
atom of zinc that joins tlie imidazole rings of the histidmyl residues 
(Tanford i, Epstein 1954) It is not clear whether the presence of zinc 
has any effect on the hormonal activity of insulin 

No regularity can be detected m the arrangement of ammo acid 
residues in the polypeptide chains of insulin Unit sequences are re 
peated m some proteins e g the sequence 

(glycine alanine senne glycine alanine glycine), tyrosine 

occurs m silk fibroin (Waldschmidt Leitz & Zeiss 1955) 

JIuch progress has already been reported towards the structural 
elucidation of nbonudease (molecular weight 14 000) (Hits Stem & 
Moore 1956 Kedfield & Anfinsen 1950 Byle & Anfinsen 1957) and 
of Ij sozyme (molecular weight U 700) (FVomageot & Vnvat de GanJhe 
1949 Monier Fromageot 1950 Thaureauv &. Jolles 1956 Jolleg 
Thaureauv & Fromageot 1957 Jolles & Jolles 1958 Jollfes JoUes 
Jauregui 1959) The first of these fomudable studies in structural 
analjsis was largely completed by the proposal (Hits Noom & Stew 
1900) of a sequence for the 124 ammo acid residues arranged m a single 
chain of nbonudease Anderer Uhhg Weber & Schramm (lOGO) put 
forward a sequence for the 157 ammo aad residues fonnmg the sub umt 
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of tobacco mosaic virus protein. Tlic structure of lysozyme also is 
almost completely established (Jolles, Jolles &; Jauregui, lOCO). 

(ii) Kon-peptide linluigcs 

The peptide linkage appears to dominate protein structure, but other 
types of linkage may occur in some proteins. This was stressed by Fkc 
(190G&), who suggested that diketopiperazine rings, and also linMg® 
involving the hydroxyl groups of serine and tjTOsine, might ^ 
proteins. Hydroxyl groups could, for instance, form ester linlm with f^ 
carboxyl groups of dicarboxylic amino-acids. The number of such es er 
groups is unlikely to be large, as in proteins with a high content o 
aspartic and glutamic acids the excess carbox}'! groups are most y in 
amide form. 

Abderhalden (1923a) suggested diketopiperazine rings as the roam 
units of protein structure; their occurrence in protein h 5 'drolysates la 

CO-NM-CH, C<X-N(CH,)-CH, 

H,C— 

Dlk«tcp!per3zinc Sarcesine anhydride 
(Glycine enhydHde) 

C,H,— O<f-0<-KH-C0 

0<r-C,H 

Phenylalanine anhydride 
Fig. 52. 

been recognized earlier. Bopp (1849)obtained leucinimide, subsequently 
shown to be a diketopiperazine. Structures involving this ring system 
(Fig. 52) were established for anhydrides of phenylalanine (Erlenmeyer 
& Lipp, 1883), sareosine (llylios, 1884), and glycine (Curtius & Schnlz» 
1890). The condensation of two molecules of aspartic acid, with elimina- 
tion of two molecules of water, gives an anhydride with a diketopip®^' 
azinc ring and two free carboxyl groups; elimination of two more 
molecules of water leads to another anhydride, probably of tricyclic 
Btracture, which has no carboxyl groups (Fig. 53). Glutamic acid forms 
similar derivatives (Ravenna, 1921; Blanchetiere, 1924). 

Convincing evidence that preformed diketopiperarine rings exist 
in the protein molecule is still lacking. Compounds with this ring have 
been isolated on partial hydrolysis of protein, but it is difficult or 
impossible to prove that they are not artefacts arising from amino- 
acids which in the intact protein formed polyi>eptide chains. Levene & 
Beatty (IDOC) isolated a prolylglycyl anhydride from gelatine treated 
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HOOC— CHr^H^O-NH 

HN CO-iw-CHr-COOH 



Cyclic anhydrides of aspartic acfd 
Fia B3 


mth trj’psin for 15 months They avoided harsh methods of hydrolysis, 
but the gelatine u aspresuraably prepared by the usual high temperature 
method Abderhalden (19236) boiled casein for two days m 5 per cent 
Bulphunc acid and then held it at 80®C for four days in 10 per cent acid 
The lijdrolysato yielded a diketopiperazine containing leucyl and valyl 


CH CO 


— CM— CM,— CH 


c. 


residues, but the treatment may have induced secondary ring formation 
Sadikov &, Lindquist Eysakova (1935) isolated a cyclic ammo acid 
anhydnde (Fig 54) from the hydrolysis products of blood albumin, 
but again the method of hydrolysis used suggests that it may have 
been an artefact The existence of diketopiperazine rings in protein is at 
present neither excluded nor definitely demonstrated In any case 

H,C 1 • 

C,H, HC H 

OCH3 

OC- 

ytereroeeii » 

Fio 65 
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the}- are unlikelr to be quantitatively important in comparison inth 
pep’tide linkage^ One non-protein plant constituent, picrorocellm, 
isolated (Stenhonse & Groves. 1876) from the lichen Bocella fiatjormti, 
is stated (Forster & Saville. 1922) to he a diketopiperazine derivative 

(Fig. 55). . 

Johnson & Burnham (1911) suggested the occurrence in proteins 
of thiopeptide linkages: 

— ^s.CH,.CSNH.CH..CSXH.CH2— . 

Polypeptides of this tj'pe ivere synthesized from glycine nitrile and 
hydrogen sulphide, one molecule of ammonia being eliminated for eac 
thiopeptide linkage fanned, Thej* abo proposed dithiopiperazine 
as structural elements in protein. The synthesis in vitro of these snip ^ 
analogues of peptides is interesting, but there is no evidence that t ey 
occur in natural products. 

Some proteins, e.g. myosin and tropomyosin from muscle (Ba 
1951) and haemerythrin from the marine worm SipuncuJus nudus 
(HoUeman k Biserte, I95S), appear to have no terminal amino or 
carboxyl groups. If such groups are truly absent.not merely masked m 
some way from the agents u^ to detect them, the protein molecule 
m^lst be cyclic in structure. Cyclic peptide structures may well occur 
in protein, as such peptides are known in fungi, e.g. phalloidine 
Amanita pJiailoidts (Sorm ^Kcil, 1051)andthe antibiotics gramicidin 
(Sanger, 194G) and tjTocidin-B (King k Craig, 1953), and in higb®** 
plants (Eastwood, Hughes k Ritchie, 1955), Xarita (193Sa, fc) 
isolated N*aeetylscrv’ltyrosme from chjmotrvptic digests of the pmtem 
from tobacco mosaic virus. In this protein the presence of terminal 
residues of N-acctylserine, rather than a cyclic structure, may be 
responsible for the absence of free amino groups. 

There is some evidence (Bergmann k Miekeley, 1924; Blackburn, 
lliddlebrook, k Phillips, 1942; Desnuelle k Casal,'^ 1948) for oxazoline 
and thiazoline rings (Fig. 50) in proteins. Rings of this type are kno^ni 
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Bemoxuollnone 
Fiq 67 


in a fen natural products Antitnngai factors from seedlings of maize 
rje, nnd nheat Jiaio been identified as benzoxazolmone and its 6 
rncthox^ denvatuo (Pig l>7) (Virtinen A, Hietala lf>55c Hietala A 
Wnhiroos 1950, Virtancn, Hietala A Wahlroos 1950) In the anti 
biotio bacitracin cjstcmoandisolcMcinoarcbnlved(Cr'ijg Hausmann & 
Wcisiger 1954) to form a tlimzoline nng isolated as the thiazole 
carboxj be acid s}lo^^n in Pig 68 a thiazobdino nng occurs in penicillin 


CH,— -CH,— C-— CO— c. 


/■ 

■\ 


■~COOH 

2 (( Metfiyfbutyryl) th azo(e*4 carboxyl c acid 
Fro 53 


Wrmch (1937a 6) proposed the cyclol structure a meslir\ ork of 
interlocking diazme and tmzme rings as the fundamental basis of the 
protein molecule There is still no certain evidence that this structure 
occurs in protein the alkaloid ergotamine produced hy the fungus 
Claviceps purpurea has however a peptide portion contaimng a ring of 
this type (Fig 02) (Stoll A Hofmann 1950) 

Abderhalden (1923a) suggested that disuJpliide bridges betireen 
cystinyl residues might be significant in protein structure Such 
bridges occur in the insulin molecule similar rings involving — S — S — 
bridges are found in the smaller peptide hormones oxjtocin and 
vasopressin (Du Vigneaud I>aivler & Popenoe 1953 Du Vigneaud 
Rcssler & Tnppett 1953) Sulphide bridges and otlier secondary 
bonds between polypeptide chams may be involved in the denaturation 
of proteins This phenomenon ivas ongmally defined solel}' by changes in 
the properties of proteins the causal changes in structure are not fully 
understood Denatured proteins usually show reduced solubility at the 
isoelectric point and lack any enzymatic or hormonal properties 
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po 55 C 5 sca by the normal protein. Denatnration invokes little if a^ 
change in the composition of a protein, but is accompanied by increas 
activity of side-chain groups in the molecule, such as the phenobc group 
of tvTOsino and the disulphide group of cj-stinc. 

Denaturation is induced by varied insults to the protein mo ecu e, 
including some much too mild to split peptide bonds- Heat, organic 
solvents, urea, anionic detergents, pressure, ultra-violet radiation, 
vibration, and pH values fartotheacid or alkaline side of the isoelcrtnc 
point all denature proteins, though proteins vary in scnsitiWty to t ^ 
agents. Denaturation tends to increase the asymmetry of a protein, 
bringing the molecule to a state resembling the long straight pepti e 
pTinin of the fibrous protein.s rather than the compact structure of t - 
globular protein.*'. It l.s now generally' accepted that, as suggested y 
Wu (1931), denaturation results from the breaking of scconda^ 
bonds which in the normal protein bind together closely p^c ' 
twisted or coiled peptide chains to form a definite three-dimensioiw 
structure whose geometry determines the properties of the molecole. 
On denaturation the precisely ordered structure is disorganized and t e 
chains take up a random arrangement corresponding to a more stab 
thermodynamic state. Unfolding of peptide chains may expose to 
chemical action groupings previously held inaccessibly within the 
molecule, thus explaining the greater susceptibility to cnaymatic 
hydrolj'sis noted for denatured proteins by various authors, c.g. 

^u, & Chen (1928); Anson & Miisky (1934); Haurowitz, Ttmca, 
Schwerin. & GOksu (1945); Strachitski & Chemikov (1947); Huang & 
Jsiemann (1950). 

The suggestion (Mirsky &. Pauling, 1936) that hydrogen bonds ^ 
important in holding together the peptide chains of native proteins 
has been supported by later workers. Hydrogen bonds arise in protein 
•when hydrogen atoms shared between the XH" ind CO groups of different 
peptide links form secondary links of the type; 

— CO— 


These linkages are individually -very weak, but their large numbers 
iMv help to maintain the fine structure of protein molecules in living 
tissues. Denaturation by such agencies as vibration shows that the 
bonds broken are weak; their labUity is further indicated by the 
phenomena of protein spreading on a water surface. Proteins spread 
readily to form monolayers whose thickness corresponds to that of ® 
single peptide chain; the secondary bonds between chains are thus 
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cosily broken donn d.mng sprcodmg Waugh, W.lhelmson, Conner 

ford\ Socklcr (1053) concluded tint in the formation of msuhn fibrils 
maintaining protein structure 

The spatial configuration of I«P‘ Branson (1951), whose 

theoretical study, e g fibrous proteins is consistent 

proposed structure for kern jj Botermination of the 

, 11 th the results of X-ray analysis (Perntz,lJ5J 

detailed stnicturo of globular P™ ’ ^ this difficult field 

undenatiircd state, may require n P g beanng a simple 

Dissociation of protein ^.t^Te caused by processes 

relation to the size J j„,,,t,„Mof nreasplitegg albumin 

similar to dcnaturation „7,„t to half of the original 

and horse haemogtobm into „ s,mJarly spht into sn 

molecule, cdestin from hcrap ( gnailbaemocyaninissplitby 

equal fragments (Burk d.Greenbe^.l93^Snm^^_^^^^^ 

urea and by ultra iiolet „almoIecii]arweight (Svedberg 

one eighth, andonesixteentlioftheonp^^^ 

4,Brohult, 1938) ^,®'^^'5„tthe pH Such dissociation makes 

equal parts by heat orbyadjustmentotP ^ t 
It hard to define the true ^ f„ teins The methods used 

may indeed be misleading when ap^^P^ sedimentation rate or 

to determine it measure P^‘>P''“ ’ ,e size The particles concerned 

osmotic pressure, ivhich depend™^ „„iee„,es Some 

may be molecular “gPff oteins particularly 
of he ‘molecular weights’ B,gb ’Molecular iveights of 

tein, such as viruses, are ^ J„tation rates reported for 

over 200 miUion are required by ^ IMH. P“tn““’ 

bacteriophages (Sharp, Hook. '^yj^ ^^„„o,ecular (orparbc e^ 
Kozlotf.i. Neil, 1949) & Steere, WSD “1 

iveight of 50 milhon (™‘‘““’,reorane residues ^ ' te.i 

contaiuabout3,400term.nalth^^ ■’'"’'rgossTcdov, 

Enzymes present m flo (BlagovcshchensU & 

without setting free any amino^J^f enzyme apF- 

1933, B>“8“™*''’''“^^„,TXwathoutbreaInng P Pt^^^ ^ 

to disaggregate protein mo “ floLismther 

bukages between content of proteins m flour is 

linkages are involved uie i 
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loTV, but the few cysteinyl residues present might form bridges bctu een 
peptide chains containing mainly other amino-acids. 

C. Conjugated Proteins 

Numerous complexes of proteins with a wide range of other materials 
occur in plant and animal tissues. In some complexes protein is firm y 
hound to another substance (often called a prosthetic group) ^ 
stoicheiomctric proportions. Other protein complexes are of ill-defin 
composition and may he artefacts formed during isolation. 

(i) Protein-carbohydrate complexes (mucoproieins) 

Complexes of this type from animal sources usually contain amino 
sugars, 2-ammoglueose or 2-aminogalactose; in mucoproteins of plant 
origin the polysaccharide appears to contain hexoses and pentoses u 
not amino-sugars. 

(u) Lipoproteins 

Protein complexes containing large amounts of substances soluble m 
fat solvents occur in leaves, where they arc often coloured with caro- 
tenoids and clilorophylls, and in seeds, where they are u-sually colour!^* 
Tliese complexes arc often sufficiently stable to prevent direct extraction 
of the lipids by fat solvents. 

(iti) Nuchoproleins 

Compounds of proteins and nucleic acids are frequently reported, 
but it remains uncertain how many of them exist as such in vivo- 
Many of the nucleoproteins isolated from biological material am 
probably artefacts formed by combination of acidic groups of nucleic 
acids whh free amino groups in protein molecules. Some nucleoproteins 
may, however, be definite chemical compounds, especially those of 
viruses. 

(iv) Ilaemoproteins 

Compounds in which protein is firmly bound to iron-porphyrin 
components are of great metabolic importance. Tlie cytochromes form 
a group of Tcspiratorj' pigments widely distributed among organism'5; 
80 per cent of the respiration of barley is mediated by the cj'tochromc 
syptem (.lam^. 1053) and it is active in other plants and in bacteria, 
e.g. llhodaipiriUum rubrum (Vernon & Kamen, 1954). Peroxidase and 
catnlsPo arc also conjugated proteins with iron porpbjTins as prosthetic 
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(Lemberg & Lcggc, 1949). These compounds are probably 
protein bv peptide bonds betrrcen their propionic acid side-chains 
amino gtinps of the protein. Unusnal or unknown amino-aods ha 
been reported in phycocyanin and phycocrythrin by serera 
(Wassink & Kagetli, 1932; Sisakyan, Bezinger, & Kivkutsan, . 
Tujiwara, 1956) hut the substances giving rise to these reports w 
probably peptides highly resistant to hydrolysis (Smith Ic ^tocM , 
1954; Kimmel & Smith, 195S). 

(vi) Flavoprokins 

Several enzymes from plants, e.g. diapborase and tbe n-araino aci 
ozddase of Nenrospora, are fiavoproteins "with riboflavin phosphate o 
flavin adenine dinncleotidc as the prosthetic group. 

(vii) Metal proteins 

Several enzymes contain a metal as an essential 
'^Vell•kno^vn examples include copper in laccase (Keilin & Mann, * 
and molybdenum in nitrate redoctasc (Nicholas & Nason, 1954a). ^ 

forms a chelate compound nith histidinyl residues of insuhn, 
seems not to be required for its hormonal activity. 


B. PROTEINS FOUND IN PLANTS 
A. Tj'pes of Protein 

Osborne (1924) divided proteins into albumins (soluble in Tvater). 
globulins (soluble in aqueous salt solutions), glutelins (soluble in dilute 
aqueous alkali), and prolamins (soluble in 70-80 per cent ethanol, but 


insoluble in pure water or ethanol). This arbitrary classification 


is still 


widely used, though boundaries between the classes are not sharplf 
defined. The distinction between albumins and globulins is particxilarly 
vague, partly because many proteins behave differently in solutions o 
different salts, and at different concentrations of the same salt. 

The reserve proteins of reeds ate better known than those of other 
plant parts, yiany dicotyledonoos reeds contain mneh globulin which 
after extraction with neutral ralt rotations can be purified by dialysis 
or by fractional precipitation with ammoninm sulphate. Oil-bearing 
reeds commonly contain wclI-deRned globulins which crystallize readily- 
Osborne (1692) crystallized excclsin from the Brazil irat {BerlhoVdiO 
eiccisa) and also globulins from the reeds of Cannabii saliva (hemp). 
Cvcvrbila maxima (pumpkin), JMntim milalissimum (flax), and Birin"* 
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communis (cartor-o.l plant). The last 
toxic albumin studied by Osborne, 

Heidelberger & Bezer (1947) and Knnitz & McDonald (1049). The 

lethal dose for mammals is stated 'Ze ’ 

Ricin has been separated into tuo toxic proteins (Mourguo, Barct, 

zT..~-s:cr:eU^ 

the range 300,000 to 350,000 ~ 

Spychalski, 1030, two globulins (legumin and 

pea seed Osborne & Hams ( ) ll,52ii) repealed 

vicilin) and an albnmm (legu )• ^ heterogenous. Using 

this work and showed 

other methods he P'T ^ electrophoresis. Their molecular 

tested in the ultracentrifug ^ (legumin). Legumm 

weights were about 180,000 I-"’ ^uiphuZntaimng amino- 

was notably richer in globulins in seed, 

acids than Tieilin. Danielsron ( ^|. peanut (Johnson, 

of many other legumes, / 1035) dissociate reversibly 

Joubert, & Shooter, ‘“^O) und lupi ( ^ bclerogenous and 

into smaller units The . ^1 , juprescnls cytoplasmic protein 

contains various enzymes; i P 

from the embryo rather than a reservo 

In most cereals P™la®ins «" g protein 

amounts and form together about constituents but 

Globulins and albumins , .amljaso appearo to^ a g o- 

contain important enzymes. In b^ « ,„34). Detec ion 

bulin and ^-amylase an to an important erten 

of enzj matio activity in seeil Bundel. 

on tho method of extraction us^ Kioto of protem 

& Stopanovich (1954) oompar^ ^ojj i„ wlncb the 

extracted from pea ®o«K a, acetone, ci^^. 

prepamtions arc treated wi i y ,u avoid dcn.,lnro ^ , 

or other and by a new method mtenoro ^ vblon le 

method’peo meal was e.xtineto<l distillnl water nntd 

solution, the filtered extract ''^'^A,,i„lgtobuIin,«erecentrifuc^ 
„Ilchloridewasremaied.Tl.cp^^^,^f „„jvr vaeoun . 
and Icgumclin was prepa p„p,ratinn of I e f 

drj'ing wn** 
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operation., Avcro carried out at temperatures near O'C. 

Jomn prepared by the new method showed vaned 

(carboxylase, catalase, dipeptidase, glutamic do -ydrogenase mverta 

Ld peroxidase); extracted by Oshome’s Icgiimclm had J 

cniymatic activity and vicilin slight activity of catalase a g 
dehydrogenase only. Any protein for enzymatic studies 
be handled by gentle methods likely to ovoid denatiira i^^l^^ 
detailed results of Krctovich cl al. (1954) conflict, hou erer, j 

of Danielsson (1950a). whoso seed globulins prepared ^ 

gentle methods had no enzymatic activity. The globulins °f ^ ^ 

andlusassociatesTVcrcpcrhapscontaminatedTV'ithcnzyraa ica j 

albumins, or alternatively Daniclsson’s extraction procedure may 
inactivated enzymes in his material. . * , • „ f/ln/za 

Cereals -with exceptional protein distributions include ncc t ^ 
saliva), -whiebi lias little prolarain, almost all the -ug 

glutelin, and oats, where it is mostly globulin. Among dicotylc 
seeds C/ienopodium quinoa, used as grain in South America, las i 
globulin; Flaniago pst/Uium contains over 80 per cent of its pro cm 
glutelin. 


B. Amino-acid composition of Seed Proteins 

The proteins of seeds contain most or all of the usual protein 
acids, but in very variable proportions. Prolamins aro distinguis e 
very high contents of glutamic acid, which contains about ha ^ 
nitrogen of hordeine (barley) and avenino (oats). ISIost of the glu u 
acid exists in glutaminyl residues, the corresponding amount 
ammonia being released on hydrolysis. Gliadins from wheat and ry® a ^ 
pyrein from Agropyrutn repens had 37-44 per cent of their nitrogen 
glutaminyl residues; prolinc was the next most important amino*a 
in all these prolamins (Rcznichenko, Kolesov, Polotnova, & Chu 

china, 1950;Kolesov, 1957). Most ofthc other amino-acids ivere presen , 

including lysine and tryptophan, sometimes stated to be absent from 
prolamins, but none except glutamic acid and prolino made a largo 
contribution to the total nitrogen. Glutamic acid and prolinc FJO' 
dominate also in glutelinsfrom barley, rye, and wheat, but less markedly 
than in prolamins (Wnldschmidt-Lcitz & Mindemann, 1957). The Ion 
content of aspartic acid contrasts In both types with the large amounts 
of glutamic acid. In globulins glutamic acid and aiginino are the mam 
amino-acids, aspartic acid and sometimes prolino being other prominen 
constituents. The protein of sunflower {Heliantkus annuus) has been 
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stated (Blagoveshctenski & Schubert. 1034) to 

by weight of histidine This very high histidine content is not oonfimed 
by more recent analyses (Block 4, Bolling 1945 Edwards Sealock 
O’DonneU, Bartlett, Barclay. Tally, Tybout, Bo. ^ ^ 

;“?”;='r53'5i=-:r 

Shivaramiah, 1064) The proMin o ,„„_,,.„allvnchincystine and 
biaceae), an important oilseed in Ango 
threomne (Adrian, Rerat & Xabregas, 1955) 

C The Proteins of Leaves 

(i) Extraction mahoia w eariv uorkcrs, but 

The presence of proteins in they are much 

difficulties of extraction have Wintcrstein (1001) obtained 

less adequately known than see p species (Aesculus 

protein preparations bj d^ing pennre, Lupmis albni, 

htppocaslanum, Oarptmts lx , pratense) at a low tom 

Medicago aaliia, Spinacia jj ,,„ter The preparations 

perature and ‘’'®^"_un,„tily contained appreciable 

having 12 per cent or less of nitroge P ^^^^^^ ^ Wakcmaii (1920) and 

amouL of non protein the problem independentlj In 

Clubnall A Schryver (1920) ground in water and cellular 

each case leaves (spinach or cab 8 ) Jroduced an important tccli 

ddbns removed by centrifuging C ^'>« ,dr„g Cjtolj.ed 

mque, cytolysing the " a hquid believed to repr^em 

leaves pressed before g""ding J ,a,f„ira) (Clubnall A holam 

vacuolar contents I" »J""rl Belorerskj , Agatov, B-ff- • * 
1024) and in watermelon fr„„, leases eontain«l a li le 

Paalova, 1934) the liquid “ “ free The protein so obtain^ 

rnpn t “eaLte “ c^uP"^;"" n btu p’Ud wa, gre-md 

\he'res,dueatlertlioc,be>^ ^„^r,iug or divaoInnS ' 

gauze, chloreplasts and nuclei 
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cytoplaemic protein rvae obtained by flocculation of the 
acid. Two main fractions, corresponding roughly to chlorop 
cytoplasmic protein, iverc thus available for study. 
preparations had low nitrogen contents owing to the P'f . 

protein constituents, particularly pentosans, which could be sep 
only with difficulty. Others consisted essentially of protein bn 
obtained only in low yields. Partial analyses suggested a similar aimn 
acid composition for the cj-toplasmic and chloroplastio proteins, 
groups are, however, likely to be highly heterogenous, in view ot n 
many different enzymes known to exist both in the chlorop as s 
the cytoplasm. Alkaline media, c.g. borate buffer at pH 9 -, ex 
from leaves almost all their protein, which can he precipitated 
solution by heat or by acid (Lugg, 1939; Lugg & Weller, 1941). 
method the alkaline extractant should protect cytoplasmic protel 


against alteration hy the acid vacuolar sap. 

The colloid mill has been used to disintegrate leaves before extracti 
of protein (Wildraan & Bonner, 1947; Wildman, CampbeU, & Bonner, 
1949; Singer, Eggman, Campbell, & Wildman, 1952). In the leaves 
seven dicotyledons {Cncumia anguria, Lysopersicum 
i^icotiana glutmosa, N. tabacum, Pisum sativum, 5ptnacia dleracea,^'^ 
Xanihium pennsylvanicum) an apparently homogenous protein of iS_ 
molecular weight formed 26 to 60 per cent of the total cytoplas^^' 
protein. Tlie association of purines, pentoses, and phosphonis ^vith 
material suggested that it was a nuclcoprotein. It was a phosphatase 
but had no other enzymatic activity. It yielded small amounts of 
on alkaline hydrolysis, and was therefore described as an auxin complc^* 
hut it is possible (Schocken, 1949) that the auxin found arose by t c 
action of alkali on tryptophauyl residu(^ in the protein. 


(ii) The proteins of chloropJasls 

Slaschke (1859) showed by staining tests that proteins remained m 
plastids depigmented with acetone. In the method of Granick (1038) 
for the isolation of chloroplasts, leaves are ground in hypertonic or 
isotonic sucrose solutions. The grinding is as gentle a.s possible, hut has 
to break cell walls to release chloroplasts from the cells. The chlor^ 
plastic protein is probably contaminated to some extent with that o 
rellular particles such as mitochondria. These can he separated from 
intact chloroplasts by differential centrifugation, but in ground material 
the chloroplasts arc largely broken down to fragments comparable to 
mitochondria in size. These fragments may correspond to the grana, 
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pigmented structures known from 

Lctron microscope to occur embedded m the 

stroma of the cUoroplast The ehloroplasts contain 30 

of the total protein of the leaf in several “f ^"'^n 

dicotyledons Protein forms 40 to 60 per cent f 

chloroplasts Lipids form 20 to 40 per Kn '’I' [ggg 

which accounts for 4 to 8 per cent ( rani 
Neish 1939 “ 1941 Hm.on Ba^en ^ 

Comar 1942 ehloroplast protein is 

protein amino acids and oi i»y ye hq'SI^ methiomno 

Sported by Sisabyan f -8- ™ p.pec 

sulphovide and y aminobutjm nuthors considered them 

chromatography in the hydrolysates 

to be artefacts absent from the ongma p barlej contain 

yemm & Folkes (1963, FO^em from 

mg (0) whole protein from „g5 Very little difference 

mature leaves (c) whole pro ■ seedling leaves 

was found betu een the amin ivsine Eighteen protem ammo 

except that the latter ^ J „„ total nitrogen 

acids plus amide accounted for 90 The proteins had 

of the protein hydroxyprobne wa „nd 

comparatively high contents “ j, Luk5»n“'“ 

lysine Sisakyan Bezinger „„„itioii of chloroplasts from icrj 
riorded the partial ammo “Xt ; .ect The proportion of the 

young mature and senescent drj eight of 

mdiwdual ammo acids (^''Pl^^ tl^ndiinng the life historj of the 

theplastids) showed rather little vanatj ,„t, „ 

leaf the contents of alamne '■"^„nd Ijsmo uem found m th 
creasing age High contents of a^ tat roots at 

matenfl also Leucoplasts wero »'X Xm sho'iod high contents o 

two stages of development WcrpX , the chloroilast 1'~‘"'’; 

argimno and lysme '''■%'"X „omm adds and mom scone Scone 
contaimng less of the with the age of tl e root snppK mg 

decreased and threoninomcrca^X 

the leucoplasts the “'Xgtl atthrr-onme might he fonuc.1 

remained almost unchang ^ 

directly from Fcnne A, Bczmccr (10^2) anU b J 

chloroplasts into four componen 
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cytopta.mic protein rvas oWamed by nocculation of ‘h” 
acid. Tn-o main fractions, corresponding roughly to chlor p . 
cytoplasmic protein, rvore thus available for study. 
pWarations had low nitrogen contents owing to the ^ 

protein constituents, particularly pentosans, which cou F 

only with difficulty. Others consisted essentially of protein 
obtained only in low yields. Partial analyses suggested a similar am 
acid composition for the cytoplasmic and cliloroplastic proteins, 
groups are. however, likely to bo highly heterogenous, in view o 
many different enzymes known to exist both in the chlorop as “ “ 
the cytoplasm. Alkaline media, c.g. borate buffer at pH 9-., 
from leaves almost all their protein, which can be prccipitat 
solution by heat or by acid (Lugg, 1939; Lugg & Weller, 19 ^ ). 
method the alkaline extractant should protect cytoplasmic pro 
against alteration by the acid vacuolar eap. . 

The colloid mill has been used to disintegrate leaves before cx^c 
of protein (lA'ildman & Bonner, 1947; Wildman, CampbeU, & Bonn . 
1949; Singer, Eggman, Campbell, & Wildman, 1952). In the 
seven dicotyledons (Cjtcumis anffuria, Zysopersieum escu ^ ^ 

Nicotiana glutinosa, N. talacum, Pisum aattviim, Spinadfi 
Xanlhium pennayhanicum) an apparently homogenous protein o g 
molecular weight formed 25 to 50 per cent of the total cytop 
protein. Tlie association of pnrincs, pentoses, and phosphorus wit i 
material suggested that it was a nucleoprotein. It was a phospna 
but had no other enzymatic activity. It yielded small amounts of auxin 
on alkaline hydrolysis, and was therefore described as an auxin comp 
but it is possible (Schocken, 1949) that the auxin found arose by ® 
action of alkali on tryptophanyl residues in the protein. 


(ii) The proteins of chloroplasts 

Maschke (1859) showed by staining tests that proteins remained m 
plastids depigmented vith acetone. In the method of Granick (19^ ) 
for the isolation of chloroplasts, leaves are ground in hypertonic or 
isotonic sucrose solutions. The grinding is as gentle as possible, but has 
to break cell walls to relea.se chloroplasts from the cells. The chloro 
plastic protein is probably contaminated to some extent with that o 
cellular particles such as mitochondria. These can be separated f^®^ 
intact chloroplasts by differential centrifugation, but in ground materia 
the chloroplasts are largely broken dorni to fragments comparable t® 
mitochondria in size. These fragments may correspond to the grana. 
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pig.„e„ted structures kno™ 

electron microscope to occur embedde t • <in fn 45 uer cent 

stroma of the chloroplast. The ohlorophsts 

of the total protein of the leaf in severs species -Keight in 

dicotyledons. Protein forms 40 to 50 

cUoroplasts. Lipids form 20 to P“ ;i„t/l93S; Menke, 1938, 
which accounts for 4 to 8 per ce \ , 1041; Bot, 1942; 

Neish, 1030;Hanson.l941;Hai.onB™^^^^^^ 

Comar, 1942; Yemm & ^ m chloroplast protein is 

protein anuno-acids, and ol liy ^P^iivayeva (1051); methiomne 
reported by Sisakyan, Beanger, detected by paper 

sulpho-vide and y-aminobutjmc anthois considered them 

chromatography in the hydrolysates, buttoe an 

to be artefacts absent from “^'In-Mrations from barley contain- 
Yemm & Folkes (1953) “ ,y,„plasmic protein from 

ing (a) whole protein from ^ sMdhngs. Very httle difference 

mature leaves, (c) whole proteins seedhng leaves, 

was found between the Eighteen protein ammo- 

except that the latter had abghtly mo S „it„gen 

adds, plus amide, accounted for 90 The proteins had 

of the protein; hydroxyprohne "a ^^.„o.„ids argimno and 

comparatively high contents & Lukyanova (1055) 

lysine. Sisal^an, Bemnger, ni„„ of cliloroplasts from very 

recorded the partial ammo ““^ ^.gar-bcct. The proportion of the 
young, mature, and senesce nt lei^ ve ^ of the dry M eight of 

individual amino during the l.fe-histoiy of the 

the plastids) ehowed ra her bttte to fall mth m- 

leaf, the contents of ,^aro found m this 

creasing age. High abo sampled from sugar-beet roots at 

material also. Leueoplasts «« a,,o„ ed high coiitenls of 

two stages ofdevelopment.4ne I oliloroplast protems in 

arginine and lysme, amino-acids and more senne. Serine 

contaimng less of the irith the age of the root supply, ng 

decreased and threomne -"“" at of these hydro-xyammo-aeids 
the leueoplasts; the toWl j „„ght bo formed 

rcmainedalmostunelianged.sugg , o , r 

directly from senne. ^ Bcringer (195. and Sisakyan (L 

Sisakyan, a„,cd the protein complex from sugar-beet 

JIelik-Sarkisyou(1950)rop ^ cleetropl.oreaU and fractional 

cliloroplasts into four 
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precipitation with different concentrations of ammonium sulphate 
Two of the components wero nucleoprotcins containing n loni 
acid which on hydrolysis yielded the purines adenine. g"''"'”; 

and uracil. The other two constituents were globulins with htt e nuc 
acid. The stroma of the chloroplast is stated to contain only ribonuciei 
acid, in contrast to the grana, which have both ribonucleic acid ana 
deoxyribonucleic acid (Metzner, 1952). 


(iii) Linkages heiiceen proteins and lipids in the chloroplast 

Stohes (1804) separated two green and two yellow pigments from 
green leaves; the yellow pigments (carotene and xanthophjll) 
kno^ni to be groups of related substances rather than indivi u< 
chemical entities. All these pigments arc intimately associated 
protein in the chloroplast. Several early workers (e.g. Hoppe- ey cft 
1879, 1881; Ecinke, 1886) pointed out that extracted chlorophy 
differed from the green material of the leaf and was probably combm 
chemically with protein in tivo. Lubimenko (1921) noted that benzene, 
in which chlorophyll is very soluble, failed to extract the green pignien 
of dried leaves; he deduced that solvents that extracted chlorop y 
directly broke some chemical bond Unking it to protein. Fu” e 
evidence for chemical combination between chlorophyll and protein J 
higher plants is cited by Baas Becking & Hanson (1037), Smith (19-* )• 
and GrilEth, Valleau, & Jeffrey (1944); a similar association is a o 
reported in photosjTithetic bacteria (French, 1940). Godnev & Osipova 
(1947) suggested that the tertiary nitrogen atoms of the pyrrole rings m 
chlorophyll combined with free carboxyl groups in protein. This 
suggestion is supported by the observation (Osipova, 1947) tb^ 
proteins with an excess of carboxyl groups (gliadin and zein) absorbed 
12 j>er cent of their weight of chlorophyU from its solution in petroleum 
ether; other proteins with few or no free carboxyl groups absorbed 
than 1 per cent in the same conditions. Walkin & Schwertz (1953) 
suggested that chlorophyll molecules formed a monomolecular lay®^ 
at an interface between protein and lipid components of the chloroplast, 
the porphyrin nuclei of chlorophyll being oriented towards the protein 
phase and the phi-tol side-chains towards the lipid phase. Takashima 
(1952) isolated from leaves of clover [TrifoUum repens) a crystalline 
chlorophyll-lipoprotein complex containing for each molecular unit of 
protein (molecular weight 19,000) two molecules of chlorophyll- 
Sherratt t Evans (1054) obtained a similar complex from the green 
alga Chlamtjdomonas dortiventralis. These complexes appear to be highly 
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labil. as in paper electrophoresis of the complex from spinach leaves 
ho pioment Ls not follow the migrating prote.n component 
(AndL°on, Spikes, & Lnmry, 1954) to which it is hound only by weak 

"’^'oTllrii^kUoUible substances am ^ 

they contain, for instance „,soeiat.ons are 

of the leaf (Dam, Glavind, d, j[„stiowski, & Stewart 

reported in animal material; a ’ i,j^;jonship 3 and of the 

(1945) concluded from both carotene and 

effects of denaturants, tlia*; in “ Protein-lipid Lomplexes may be 
vitamin A arc combined vitli p j structures, such as mito- 

expected to occur also in constituents, 

chondria, which contain subs ^ Ashton (1938), 

Numerous studies, -S- V^chad “ (IMS), Sideris 

Smith & Wang (1941), Smith & K^M 9 „ 

& Young (1947), have shown f 7 . varied stages of 

carotenoids, chlorophyll, an JP™ ^„n,„ental conditions. There 
development and exposed to f”"®” . ^j„g f^iits of tomato 

arc, however, well-known ,£i(ospyrosloli) andyeUowmg 

(Lj/coper 3 icumescnIentuTn)orpe .j increase while chlorophyll 

l^escent leaves, where the carotenoids, hut 

decreases Chlorophyll is “'"“y „nd vegetative storage 

they occur without it in many flowers, irm 

grass leaves (Wood fmrhe — 

bean and onion (Randall. jn leaves varies much more 

protein. The concentration of as probably contain it largely 

Than that of protein; leaves nch inthisa 
in the free state. 

c. SITES OF PROTEmSV«THESlS IN THE PLANT 

A. General 



synthesisedandeondensedtop^mmm^^^^^__^j^^^^ , 

thatprateinformationmightr^ 7 .^_^^^I^ ^oolds being 
that light was not a genera 9 nitrogen for FO'rt 

nitrate in the dark as tlieir soles that leaves 

presumably for protein , 339 ) formed protein rom 

(Zaleski, 1897) and roots (Posi 
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nitrogen in the dark if supplied irith carbohydrate. 
Suzuki (18985), 5Iaz6 (I8O80), andMaliniak (1900) 
synthesis in the dark by plant organs, 


Kinoshita (1897a, 6). 
also observed protein 


B. Protein Synthesis in Leaves 

Chrapo^vitski (1887), Stock (1893), and 'Ullrich (1924) found t a 
protein accumulated rapidly in nitrogen-deficient seedlings or e 
leaves transferred to solutions containing nitrogen. The c crop 
starving lcave.s lose protein, suggesting that in normal conditions c 
store and probably synthesize protein. Plastids of non-green orga ^ 
may aI«o be associated with protein synthesis. licucoplasts of sugar w 
roots form invertase (Siaakyan & Kobyakova, 1952); similar pa ic 
contain most of the protein in mature seeds of Jl/acadami'a (Proteacea 
(Francis, 1927). . 

Sapozhnikov (1894), Kraahenninikov (1901), and Godlc^v6kl ( 
suggested that both protein and carbohydrate are formed in p lo o 
synthesis, a view' strongly Bupjwrted by later work. BurstrOm (1943a. 
showed that in wheat leaves protein formation increased with rising 
light intensity and with assimilation of carbon dioxide. The distribn lon 
of isotopic carbon in unicellular algae and higher plants assimil^ 
C^*-labelled carbon dioxide (Benson &. Calvin, 1950; ICczgovorOTSi 
1952, 1950; Tolbert & Zill, 1954) showed amino-acids to be formed m 
the first few seconds of photosjTithesis. Alanine and aspartic acid 
usually detected first, then glj'cinc, glutamic acid, and p-alanine. 
Racusen & Aronoff (1954) found that darkening considerably reduce 
incorporation of C** from labelled carbon dioxide into protein by 
soybean leaves; aromatic and branched-chain amino-acids were 
formed in the light only. Isezgovorova (1950) noted that high nitrogen 
supply greatly increased the formation of amino-acids from labelle^ 
carbon dioxide in Phaseolus leaves. Since the formation of other organic 
acids was unaffected, she suggested that amino-acids arose by carboxy 
ation of aminated precursors. This seems to imply carboxylation o 
^-alanine, aspartic acid being the main radioactive amino-acid detect 
after 5 seconds exposure to labelled carbon dioxide. Alter 20 minute 
exposure alanine, arginine, asparagine, glutamic acid, glycine, lysine, 
serine, and threonine contained isotopic carbon. Bidwell, Krotkov, & 
Reed (1954) found that much of the carbon assimilated by detach^ 
leaves (beet, tobacco) supplied with ammonium nitrate appeared in 
glutamine, a plausible precursor of protein. Kauffmann & Kosel (1959) 
found numerous oligopeptides in spinach chloroplasts; they may be 
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mtcrmedmtcs in protein foriintion from ammo acids ansing in photo 

'' t-lL also been used to studj the effects of lUunimation on prota^ 

synthesis Deliiiche (1051) supplied immatnrc >-7 « 

of these leaves i\crc then subjected gt ,llununation 

strong illuimmtion intli 1 per ren car air Alter four to 

in the absence of carbon 

SIX hours cytoplasmic and ehlorop as 1 mcorporated 

leaves lUuminated leaves Ineorporatiou oas less 

miicU isotopic mtrogen into 7“'"'’, „.au„ble m the dark Kesults for 
in light without carhon dioxide and S P to chloroplastio 

cytoplasmic protein vere rather „bstantial8}Titliesisinthedark 

protein It shooed in most expenme^autet-in^ 

It thus appears that in one Ling independent of light 

mtrogen bj two ^'^‘‘ 7 , '’“i.Lte and mcthiomne appeared rapidly 
Sulphur from S“ labelled 7*^^ * _„tem of leaves from PUseotus 
m chloroplastic and “Sdop'^™” P Sulphur supplied as sulphate 
seedlings (Pleshkov & I-f ^ " 

appeared mainly m chloroplastio protein g, 

major site of sulphate reduction strongly affected bj 

Vrotem synthesis and calatmlii..^n77;^_^^^ fo„„d that 

substances transported 7°,, mmae of detached leaves of ruunor 

protein broke doivn rapidly i^h' . „ater or damp sand Non 

LnlPtorofiislheldwiththeu^oliote in ts 

protein mtrogen was J bj auxin treatment to 

degenerated in a few days In le»' tly wduerf 

foSn roots protein >'-’‘W“ 7 ‘" 7 :^oiiIy after six weeks 5 otI.« 

degeneration of the chloroplasl ^7 7^ mooted leaves 

&°Engelbrecht (1950) f 

(Nicolmau, Pelargonmm, ^^^ideLble breakdown of protein 

detached leaves wathout roots Consi^ ,„minuous ■ 

place in detached P/mscrfiia were to a l^e extent 

The soluble nitrogenous compo t-jn synthesis occurred 

La^oeated to tie midnb. -"^^rsolutions of ammonium 
changes were retarded in leaves spraycU 
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nitrate or of urea. Boot formation had the same effect in the absen* 
of any external supply of nitrogen, and its influence rras more lasting. 
The nature of the essential constituents transmitted from the roo 
the leaf is not understood. The behaviour of rooted leaves codd not be 
duplicated in isolated leaves supplied through the petioles rvith amin^ 
acids, amides, protein hydrolysates, bleeding saps, or coconut unit 
Old rooted leaves accumulated very large amounts of storage matena = 
absorbed from the roots— nitrate and glutamine in Xicoliana. allantom 
and allantoic acid in Phaseolus, allantoin and glutamine in Sj/mphylurn 
Richmond & Lang (1957) showed that a supply of kinetin (G-furfury - 
aminopurine) greatly retarded the breakdown of protein and of c ^ on> 
phyll in detached leaves of Xanthtum pennsylvoTiicitm (Compo^^^ 
The provision of kinetin from other parts of the plant may thus e P 
to maintain the metabolic integrity of attached leaves; its m 6 o 
action is obscure, though it has marked effects on nitrogenous 
metabolism in detached leaves (Mothes, Engclbrecht, & Kulajeva, 
1939) and on ribonucleic acid synthesis in roots (Guttroan, 195”)' 
Comparison of the nitrogenous constituents of the green and tr > ® 
or j'cllow variegated leaves suggests that protein sjmthesis is much more 
efficient in the former. Church (1879) analysed ivhite and green lea 
tissue from Alocasia macrorhtza and Elaiagnus pungens. In the former 
protein represented 34 per cent of the total nitrogen in uhite and « 
per cent in green tissue; the difference in Elaeagnus u-as less but in 1 ^ 
same direction, llolliard (19116) found a much higher proportion o 
soluble nitrogen in the yellow parts of variegated leaves of Ewny^^^* 
^aponxeus than in the green parts. Lakon (1910) showed that in severa 
variegated species {AhulUon vtxiUarium, Acer negundo, A. pseudopMo 
nu», Aegopodium pxyJagraria, Sambveus nigra, Tradtscanlxa zihrtno. 
Vinca major) green tissues had much more protein than white. Yello^ 
tissues, ■with plastids but no chlorophyll, had protein contents inter 
mediate between those of white and green tissues. Schumacher (19-5) 
observed that the ratio of soluble to protein nitrogen was much higher 
in white than in green tissues of leaves in Ac^r negundo, Comus a^bus- 
P(riefrophr eaUcifoUa, and Sambucue nigra. Tlic soluble nitrogen con- 
si^-ted largely of amino-acids and amides. Groner (1936) found three to 
five times as much amino nitrogen in albino seedlings of Zca mays as 
in green recdlirigs of the same age and strain. Slolliard, £chcvin. ^ 
Pnincl (193S) also reported a high proportion of soluble nitrogen in 
v.hiic leaf lUaue of Acer negundo (mainly allantoin and allantoic acjd) 
and of Ptiargonxum zemaU (mainly amino-acids and amides). 
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tissues u.th impaired capacity for phote^thesis ™ “ 

protein synthesis also, though capable (Schumacher, 10-8 of some 

he equally important in this connexion in plants 


C. Protein Synthesis m Seeds 

lour Moat orchids have tiny se , largest familiar seed 

seed weight in Ntcotiam tabacnm “ Another palm the double 

IS probably the coconut {Cocos n f pas the largest known seed 

coconut or coco de mcr (loiccea rfmeo), has the la g ^ 

V eighing 00 kg and taking 0 yeara f„j. centunes Seeds of 

Some seeds retain the powe ® f„j240yearsaBherbarium 

MiimSraro naci/era germinated a^ g germinated 

specimens (Anonymous, .^at as ?000 years (Ohga, 

at ages not precisely known ^ germinated 140 years after 

1026. Libby, 1951) AlbtzM}uhbns!M g Leguminosae, 

collection Seeds of several for more than 100 years 

germinate after storage in oidma^ .npermeahle seed coats, a 

Germination does not occur until are broken artifi 

barrier against uptake of water reed coats (e g Bvma 

cially or by decay Some weeds wdh pe germinating for 00 

enspus, Oenothera bienms) remai unknown nature 

years m damp soil (Crocker, are saturated with water 

preventing germination “**'“’”8 ^ others germinate before m 

In contrast wath such occurs regularly m 

fruit IS shed from the parent plan , (Anceaaw, Mi-m 

edale (choko, chayote) and m Many seeds die within a 

phora) and is seen “^casionally jrMileMW) and species 

few weeks of npeningi e g 

willow {Salix) j ftttains in different species vei^ 

The embryo within the seed before its development is 

variable degrees of stnictnra plant Thc^y 

halted by the cessation „^d^erentiatcd cells, m other ^ . 

seeds of orchids consist o a 
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e.g. in various species of tl>o famiUes Cncurbitaccao. Gramineae and 
Leguminosac. there is a well-developed embryo, with rnd.mcnts of stem 
and root, and sometimes of several leaves. ...» 

It is against this background of great diversity m struc nr 
behaviour that we shonld consider the metabolism of ripening s ^ 
This has been studied for adequate and obvious reasons of ccon 
importance and experimental convenience mainly with 
seeds from the families Gramineae and Leguminosae. Scatterei 
are available lor some other plants, but the detailed work in tins i 
refers almost exclusively to cereals and pulses. Even in these group^ 
the number of species studied is too small to permit any vn e range 
comparison. 

(ii) Protein synthesis in leguminous seeds ^ ^ 

The rapid syntliesia and accumulation of protein characteristic 
ripening seeds are particularly striking in the familiar peas, beans, an 
pulses; largo amounts of starch are laid doum concurrently •with pro O' ’ 
and some species, e.g. the peanut (Arachis hypogaea), store fat a so. 
steady flow of soluble nitrogenous compounds reaches the dove 
seeds from other parts of the plant. These materials are largely conve c ^ 
to protein but even the mature dry seed contains some soluble nitrogen^ 
the proportion may be fairly high, Petrie (1D08) recorded 28*6 per 
of the total seed nitrogen in Acacia leptoclada and 33-7 per cen m 
A. pycnanlha. Dormant seeds contain amino-acids and amides (to ’ 
1870; Kudryashova & Kolobkova, 1953). The absolute amount 
non-protein nitrogen per seed increases even during the later stages 
ripening in Phaseolus vulgaris (Pfenninger, 1909) and in Yicia 
(Petrie, 1911a); it decreases in the bean (Picifi/a6a) (Emmerling, 
and in the pea {Pisum sativum) (Schulze & Winterstein, 1910; Bisson 
Jones, 1932; McKee, Robertson, & Lee, 1955). In the soybean {Glya^^ 
max) protein nitrogen and non-protein nitrogen both increase lineary 
over the ripening period on a per seed basis; allantoic acid per see 
increases steadily, the ureide being quantitatively more important than 
the amides in this species (Sosa-Bourdouil, Brunei, & Sosa, 
Considerable synthesis of protein occurs in seeds of Lupinus albus 
ripening in detached fruits (Vasiliev, 1908; Mothes, 1939), and in isolated 
immature pea seeds (Kertesz, 1930; Daniclsson, 1952&). Zaleski (B'lri 
showed tliat ir\ isolated pea seeds the increase in protein nitrogen nas 
roxighly equivalent to the decrease in amide nitrogen plus that o 
compounds precipitated by phosphotungatic acid. These include 
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firginine, a major component of the soluble nitwgen in the pea seed 
(Schulze, 1011, Spragg, 1955) The immediate sources supplying 
nitrogen for protein synthesis in the developing pea seed are thus 
probably arginine and amide, the latter is mainly glutamme (Spragg 
1955) Numerous soluble nitrogenous compounds, including a mde 
range of ammo acids, occur m immature pea seeds (Schulze & Winter 
stem, 1010, Hjde, 1953, Bissct, 1954, Spragg 1955, McKee, Nestel, & 
Robertson, 1955) The total soluble nitrogen per seed falls considerably 
m the early stages of ripening and then remains steady at a low level 
while protein nitrogen per seed increaseaat ahnearrate The qualitative 
composition of the soluble nitrogen does not change greatly, most of 
the ammo acids being present m small amounts in almost mature seeds 
In the legumes the hull (caipel wall) acts as a temporary reservoir 
for mtrogenous and other substances m transit to seeds from other parts 
of the plant This is apparent m Vtcta/aba (Emmerlmg, 1900, Petne, 
lOlIo), Phasedns wlgans (Pfenmnger, 1909, Schellenberg 1916) 
Piston salium (Bisson d- Jones 1932, Hyde, 1954, McKee, Robertson, 

Su Lee, 1955), and Glycine max (Sosa Bourdouil, Bnmel, & Sosa, 1941) 
Most of the ammo acids and amides found in immature seeds occur also 
m pea hulls, allantom is an important constituent in this species 
(Schulze, 1911, Schellenbe^, 1916) and allantoic acid in the hulls of 
soybean (Glycine max) (Sosa Bourdouil ct cl, 1941) Raacke (1057c) 
found that breakdown of the protein accumulated by pea hulls in the 
early stages of npenmg led to peptides, which were translocated to the 
developing seeds Secondary synthesis of amides occurred m the hull, 
the amides also passing to the seeds In the hulls and also in the seed 
coats the protein is mainly, perhaps entirely, albumin Peptides 
accumulate in the seed coat (Raacke, 10576) Protein mtrogen per hull 
rises m the early stages of npenmg and falls later, most of the mtrogen 
left m the hull of the mature fruit is protein, whose persistence contrasts 
with the almost complete disappearance of starch In the early phases of 
npenmg a substantial part of the protem in the hull may be m photo 
synthetically active chloroplasts Lubimenko (1910) investigated the 
composition of the gas contained m the hollow fruits of Coluiea arbores 
cens (Leguminosae) and found that m the light the carbon dioxide 
content decreased, with oxygen increasing at the same time The outer 
green parts of the hull appeared to assimilate carbon dioxide coming 
both from the external atmosphere and from respiration of developing 
seeds and the hull itself Calvert d- Ferrande (1844) showed that the gas 
within these fniitshad up to Spercent of carbon dioxide Photosj nthesis 
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is BigniEcant in young fruits of pea and apple (Kursanov 1934) and of 
tomato (Kursanov & Vartapotyan. 1050). In npenmg ^cdsjhe 
insoluble materials protein and starch form an increasing p P 
the nitrogenous and carbohydrate reserves (Table 10). 


Table 10 

Changes in proportions oj soluble and insoluble nitrogenous compoun 
and carbohydrates in hulls and seeds of Ksum sativum. 
(Calculated from data of MeKee, Robertson & Lee, 19o5.) 


Days from 
flowering 


HuUs 

Slarth as Per cent 
Protein tJ as {starch + sotuble 
Per ceta total N carbohydraU) 


Seeds 


Protein N as 
Per cent total N 


Starch as Per cent 

{starch -f tolohU 
carbohydrate) 


14 

18 

20 

23 

26 

29 

32 

35 

40 


56 

53 

63 

64 
Cl 
69 
59 
69 
87 


16 

17 

12 

8 

3 

3 


40 

50 

57 

61 

87 

84 

86 

90 

93 


10 

27 

43 

63 

73 

81 

81 


Snellmann & Danielsson (1953) found peptides containing 


tvro to 


six amino-acid residues in immature pea seeds. The decrease m 


dial}'* 


sable nitrogen and the increase in globulin nitrogen agreed ^rel a 
successive stages of ripening, suggesting that peptides as ivell as armno 
acids are intermediates in protein synthesis. This conclusion is suppo^ 
also by the data of Kaacke (1957a). In the early stages the loss of amino 


nitrogen was too small to account for all the globulin nitrogen 


formed. 


Tins observation led to a suggested scheme of synthesis in whic 
amino-groups were liberated during the formation of polypeptides from 
oligopeptides. Danielsson (I952&) used sedimentation analysis to stu y 
the synthesis of different types of protein in ripening pea seeds. 
globulins, legumin and vicilin, and an albumin fraction were B 3 ’nthesiz 
at different rates, the proportion of vicilin decreasing in the lat®^ 
samples. Albumin was formed at a slow and steady rate throughout the 
ripening process. Raacke (1957a) found that very young pea seeds 
contained only albumin; vicilin appeared next and finally legumin- 
The nitrogen/sulphur ratio in the protein of developing seeds o 
Lupinua aJbua remains steady in the early stages of ripening and then 
incrcagcs sharply (Mothes, 1039). A similar trend is shonm in the data 
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of Emmerling (IQOO) for matunng seeds of Ticm faha The changing 
ratio implies differentml rates of synthesis for proteins rich and poor m 
sulphur containing ammo acids Byvshikh {I960) found that the pro 
portion of dicarboTylic ammo acids m the globulins of irater melon 
seeds decreased during ripening with corresponding increases in 
arginine histidine Ijsine proline and tryptophan 

Changes m the enzymatic activities of ripening seeds (Bach 
Oparin L Wahner 1927 Opann A, Dyachhor 192S) may reflect 
1 nr;j ing rates of sj nthesis of individual enzymatic proteins Enzymatic 
activity being sensitive to accelerators inhibitors and other modifying 
factors may not however be a good measure of the amount of enzyme 
protein present 

Special requirements are recorded for the synthesis of some enzymes 
Zinc is essential for the synthesis of pyruvic carhoxyfase by Ehtzopus 
nii 7 ricans (Foster & Denison 1950) and ofphosphofructokmase glycer 
aldeJiyde phosphate dehydrogenase and an enzyme involved m pentose 
motahohsm by Aspergillus ntger (Bertrand & do Wolf 1957 19584) 
it IB not needed for invertase synthesis (Bertrand & de Wolf I95So) 
Zme deficiency greatly reduces the production of aldolase the enzyme 
catalysing the reversible reaction between hexose diphosphate and 
triose phosphate in oats [Atena salna) and subterranean clover {Tn 
folmm sublerraneum) (Qmnlm Watson 1951) None of these enzymes 
IS kno^vn to contain zinc Zinc deficiency appears to reduce synthesis 
of the protein part of the enzyme molecule Even with a zme con 
taimng enzyme carbonic anhydrase zinc deficiency acts by reducing 
synthesis of enzymatic protein rather than through Jack of zinc ions to 
activate an apoenzyme (Wood A, Sibly 1952) Varjing zinc require- 
ments for the synthesis of different enzymes suggest that it is closely 
associated with the formation of some individual proteins though not 
neeessanly with protein synthesis in general This is consistent with the 
finding (Bertrand A; de Wolf J959 1960) that it is essential for the 
synthesis of tyrosine and of tryptophan m Aspergillus mger The 
synthesis in seeds and elsewhere of individual enzymatic and other 
proteins may thus be influenced by non mtrogenous metabolites as 
well as by more immediate factors such as the availability of the 
appropriate amino acids 

(lu) Protein synthesis in cereal grams 

Kiesel (19246) analysed rye gram (iSecafe cereale) at three stages of 
matunty, expressing his data m amounts per 100 ears of the substances 
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estimated. Protein nitrogen per ear increased continuously throughout 
the ripening period; non-protein nitrogen per car was about the same 
in the first and last samples, but fell from 27 per cent to 13 per cent of 
the total nitrogen. Individual constituents found in tlie gram at various 
stages included adenine, arginine, aspartic acid, choline, gnanidmo, 
guanine, histidine, hypoxanthinc, phenylalanine, putrescino. xanthme, 
and probably agmatine. In contrast to the array of inirines in this list, 
no asparagine could be detected, tlimigh it was sought in samples of 
4-5 kg in the early stages and of ft kg later. Nedokuchayev (1897) also 
found very little asparagine in immature rye grain. 

Tlie amide content of ripening ears of wheat (Trilicum) is also 
extremely low. Woodman & Engledow (1024) analysed wheat ears 
taken at intervals of a few days from 33 to C5 days after their emer- 
gence, the grain being fully mature in the last sample. Results were 
recorded as amounts in the grain of 100 cars. Total nitrogen on this 
basis increased steadily and rapidly for 64 days after emergence of the 
cars but much more slowly thereafter. Tlie increase in non-protein 
nitrogen ceased at 47 days; during the next 7 days it decreased and 
appeared to contribute nitrogen for protein synthesis. Non-protein 
nitrogen as a percentage of total nitrogen fell from 32 in the first sample 
to 7 in the sample taken at 64 days. Amino and amide nitrogen were 
low throughout; about half the total soluble nitrogen was recorded as 
ammonia nitrogen in the later samples. The excess of ammonia over 
amide nitrogen is too great to be explained by inclusion of the amide 
nitrogen of glutamine in the figure for ammonia; hydrolysis of some 
labile non-amtdo constituent cannot, however, bo excluded. Further 
work on the non-protein nitrogenous constituents in developing grain of 
wheat, rye, and other cereals should be of interest. Quantitative study 
of the numerous compounds reported by Iviesel (19246) is desirable. 

Ivrctovich & Yevstigneyeva (1949) found very little glutamine in 
ripening wheat cars. They placed cut wheat stems, carrying ears with 
grain at the milk-ripe stage, in solutions containing ammonium aspar- 
tate and ammonium glutamate. The solutions were rapidly taken up 
tbrougli tlio transpiration stream. Slight synthesis of asparagine 
occjirrcd in ears supplied with water alone, and a little more w'ith the 
ammonium s.aUs. Addition of glucose to the nutrient solution reditced 
the synthesis of asparagine. No treatment induced any synthesis of 
glutamine. Koblct (1040) reported both asparagine and glutamine in 
the cmbiyo of the developing wheat grain. He found that at the time 
of flowering the wheat plant already contained most of the nitrogen 
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required for ‘^ced formntion, the carboliydrite laid do^n in the gram 
\\ as in contrast Jargclj synthesized during the ripening penod In corn 
(^ca mays) Hny Earley do Turk (1953) found that about 40 per cent 
of the nitrogen deposited in the grain iras cither absorbed from the 
soil afler flowering or translocated from the roots ahich seem unlikely 
to bo an important site for the storage of nitrogenous materials m this 
species Rceies (1954) increased the protein content of uheat by urea 
sprays at flowering, spraying before flowering increased the yield but 
had less effect on protein content 

Woodman Engledow (1924) estimated salt soluble ethanol 
soluble, and alkali soluble proteins m wheat gram sampled on 9 
occasions between 33 and 65 days after emergence of the ears the 
final samples being mature In the earliest sample salt soluble protein 
contained 74 per cent of the total protein nitrogen seven days later its 
proportion had fallen in spite of an absolute increase m its amount to 
48 per cent The alkali soluble gluten increased rapidly over the first 
14 days and remained thereafter essentially unchanged in absolute 
amount The ethanol soluble gliadin increased steadily over the whole 
npemng period and contained 64 per cent of the protein nitrogen in the 
ripo gram McCalla (1038) separated the proteins of developing wheat 
into fractions soluble in water soluble m normal potassium iodide 
solution and insoluble m normal potassium iodide In the early stages 
of ripening the gram contained a labile water soluble protein sub 
sequently converted to the water insoluble protein of the mature gram 
The protein (giutelm) insoluble in a normal solution of potassium 
iodide was laid down early in the development of the gram later 
accumulation of protein being as prolamm (soluble in normal potassium 
iodide) It IS difficult to compare with certainty the results of Woodman 
& Engledow (1924) and of MeCaUa (1938) owing to the different solvents 
used to separate types of protein The data of the two investigations 
are however, in general agreement on the plausible assumption that 
the ghadin and gluten of the former workers correspond respectnely 
to the prolamm and giutelm of MeCalla (1938) Seeds of J’tnus densijlora 
and P ihunbergit contain mainly albumins m the early stages of develop 
ment, glutelins predominate later globulins also increasing to a lesser 
extent (Ivatsuta 1959) 

0 Protein Synthesis in Vegetative Storage Organs 

Some protein synthesis occurs in the cells of growing Aegctati\e 
storage organs The mature organs generally enter a dormant state in 
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whicli there is little protein synthesis and the ratio of soluble nitrogen 
to protein nitrogen is high. EapM synthesis of protein takes place, 
hon'erer, when dormancy is broken and growth of new organs begins. 
Dormant storage organs such as tuhers ahso often respond to wounding 
by a synthesis of protein associated with renewed groivth at the cut 
surface. 

Protein metabolism in onion bulbs was studied extensively about 
1900 by a group of Russian workers. In tbe mature bnlb a low pro- 
portion of tbe total nitrogen occurs in protein. Zaleski (1898) and 
Prianislinikov (1899) showed that during germination cither in light or 
darkness a considerable part of the soluble nitrogenous material of the 
bulb was converted to protein. The main soluble precursors of protein 
were amino-acids, the asparagine content shoving little change 
(Zaleski & Shatkin, 1913). Amino-acids rather than a-sparagine also 
appear to be the immediate precursors of protein in potato (Stuart & 
Applctnan, 1935) and in disks of radish roots {RapTianvs eativus) 
(Said & El Shishiny, 1944). A definite synthesis of protein at the expense 
of soluble nitrogenous constituents occurs before the start of germina- 
tion. Zaleski (1901) found protein to contain 33 per cent of the total 
nitrogen in onions put into storage in the autumn (September). Tins 
proportion was unclianged in January, and during the next two months 
protein was sjmthesized until in February’ it contained 42 per cent and 
in 3Iarch 63 per cent of the total nitrogen of the bulbs. Synthesis thus 
occurs even at the low temperatures of a cellar in Moscow during 
the winter, and is largely complete before any great rise in ambient 
temperature is likely. There is no synthesis in the autumn, when 
temperatures are comparatively high; at this time the bulbs, 
having completed their development, have jxist entered the dormant 
pha5e. 

Wounding induces a large and rapid synthesis of protein in onion 
bulbs (Hettlinger, 1901; Zaleski. 1901). Zaleski (1901) obseiwed 
increases in protein as a percentage of total nitrogen from 32 to 49, 
and in another experiment from 48 to 58, \vithin four days after cutting 
bulbs^ into quarters. A further slight increase in the proportion of 
protein occurred in bulbs cut into numerous strips. Oxidative processes 
appeared to be involved, probably ia the supp)y of energy for synthesis, 
as tbe protein content remained unchanged in strips held in an atmos- 
phere of hydrogen. Smirnov (1903) found that in air wounding induced 
protein ^-nthesis and increased respiration of cut onion bulbs; it had no 
effect on either process in an atmosphere of hydrogen. This confirmed 
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the results of Zalcski (1901) and supported the suggestion of a hnfc 
bet^^cen protein syjithesis and respiration. The protein formed in cut 
tissue contained a higher proportion of nuclcoprotein tlian in intact 
bulbs (Kovchov, 1902, 1903). Zalcski (1901) also recorded protein 
synthesis as a response to wounding in fleshy roots and tubers 
praieoiens, JJeia vulgaris, Daucus carola, Dahlia vanabilis, and 
iS^o?antmi tnbtrosum). In these experiments as in the work ivith onion 
bulbs, stringent precautions were taken to avoid bacterial contami- 
nation. 

Other work on protein synthesis in the tissues of fleshy storage 
organs has dealt mainly Trith the potato (Solanum tuherosum) Here also 
wounding induces a large and rapid increase mrespiration rate (Richards, 
189C). Potato tubers respond to a transfer from 0®C to 25°Q by protein 
synthesis (Levitt, 194G}; prolonged stor^e at 2®C, however, induces 
protein hreakdomi and after about 85 days the tubers lose their ability 
to Bjuthcsizo protein and to form new tissue at a cut surface (Steward, 
Berrj’, Preston, & Raniaraurfci, 1943). The influence of evtemal condi- 
thns on poutein synthesis by disks of potato tuber is complex, but in 
general protein synthesis and respiration tend to be afiected in the 
same direction (Steward, Stout, & Preston, 1940; Steward & Preston, 
lD41o, b). Protein synthesis is generally associated with increased 
respiration, as might be expected considering that it requires energy 
provided by respiration, and in most cases produces new cellular 
material whose integrity can only be maintained by respiration 


D. BIOCHEMISTRY OF PROTEIN SYNTHESIS 
A. Proteolytic Enzymes in Plants 

The most celebrated proteolytic enzyme of plant origin is undoubt- 
edly papain from the latex of Oarica papaya (papaya, pawpaw). The 
enzyme is produced commer(d!iSiy on a iarge scale as a tendenzer for 
meat. Tough meat wrapped in pawpaw leaves becomes tender, as is 
stated (Dujardin-Beaumetz & Egasse, 1889) to have been recorded 
about the middle of the eighteenth century by Griffith Hughes (// ishry 
of Barbados) and Patrick Browne {Natural History of Jamaica); it is 
probably traditional knowledge in South America and the West 
Indies where the plant is native- The latex, which dissolves the 
tapeworm Ascaris, is also an effective vermifuge; Vauquelin (1709) 
reported its use for this purpose in Reunion, a French colony m the 
Indian Ocean. Beiger & Asenjo (1940) fihowed that Jscans was 
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thoroughly digested by crystalline papain. Fresh pineapple juice, which 
contains the proteinase bromelin, also dissolves intestinal parasitic 
^vo^ns (Berger & Asenjo, 1039). ^ 

Papain xras first studied By Wiirlz & Bouchut (1879), wlio coined 
the name now current, and by Peckolt (1880) who used the less euphon- 
ious name papayotin. Both ivorhers obtained preparations actively 
digesting animal proteins. Two distinct protein-splitting enzymes have 
been prepared in crystalline form from pa\vpaw latex, papain (Balls & 
Linewcaver, 1939) and chymopapain (Jansen & Balls, 1941). Similar 
enzymes are kno^vn from several other plants. Bouchut (1880) recorded 
proteolytic activity in the latex of the European fig {Ficus carica)’, 
Vines (1902) showed that such activity is retained in the dried fruit. 
Walti (1938) prepared the crystalline enzyme ficin and noted that in 
Central America the latex of several species of Ficus was used as a 
vermifuge. Carpenter & Lovelace (1943) obtained a crystalline proteinase 
(nsclepain) from the root latex of Asclcpias speciosa. Ellis & Lennox 
(1942) found a proteinase in the latex of Euphorbia lathyris. Other 
laticiferous species containing similar enzymes are Hura crepitans 
(Euphotbiaceae) (Jaffe, 1943a) and Tabemaemontam grandijlora 
(Apooynaceac) (Jaffo, 1943i). Protcinases also occur in fruits and 
leaves of non-Iaticifcrous plants, e.g. bromelin in the pineapple (Ananas 
comosus) (Chittenden, 1894; WiUstattcr, Grassmann, & Ambros, 1926; 
Berger & Asenjo, 1939) and pinguinain in Bromelia pinguin (AsenjO & 
Capella dc Pemandez, 1042). Tliis species, like the pineapple, belongs 
to the family Bromeliaceae. Other plant protcinases include mexicain 
from latex in the leaves and fruit of Pthifs mexicanus (Caricaceae) 
(Castafieda, Gavarrdn, & Balcazar, 1942), solanain from the fruit of 
Sohnum elaeagnifolium (Greenberg & "Winnick, 1940), and actinidin 
fromfruit ofAciinidia cliincnsis (Arcus, 1959). Mexicain was crystallized 
by Castafieda-AgulW, Hernandez, Loaeza, & Salazar (1945). Crystal- 
line protcinases have also been prepared from bacteria (Gimtelberg & 
Otteson, 1952) and moulds (Crewther & Lennox, 1950). 

The presence of proteolytic enzymes in germinating seeds was 
established for a Vtcia by Gorup-Besanez (1874&) and for Lupinus 
hirsutus by Green (1887). BuscaUoni & Fermi (1898) and Vines (1903) 
detected such enzymes in various organs of numerous species widely 
scattered through the plant kingdom. Butkevich (1900, 1901) demon- 
strated the liberation of amino groups during autolysis of seedlings of 
Lupinus, Ficinus, and PJtaseolus; he also obtained leucine and tyrosine 
by tljD action of crude enzyme preparations from seedlings on con- 
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tho globulin of lupin seeds The protein splitting enzymes of 
sccdJmp )mvo received little study by exact methods. Blagovesh- 
chenski (1924) and Blagoveshchenski & afeJamed (1934) prepared seed 
globulins and crude proteolytic extracts from species belonging to 
several genera. Extracts and proteins uero incubated in many different 
combinations, the degree of hjxlrolysts being always greatest when both 
substrate and eiuymc came from tbesame species In some combinations 
no hydroij'sis occurred; in these cases the plants providing tlie enzyme 
and the substrate aluaj's came from different families Differential 
rates of brcakdoirn for separate protein fractions have been demon- 
strated by modem methods in germinating barley (Siiverbom, Daniels- 
son, d' Svedberg, 1944) and peas (Danielsson, 1951) 

Paiwiin and similar enzymes, as stressed by Vines (1002) and 
Mendel & Blood (1910), are activated by hydrogen cyanide Other 
reducing agents such as hydrogen sulphide, cysteine, and glutathione 
are also effective (Bersin & Logemann, 1933, HelJermann & Perkins, 
1934; Purr, 1035). Winnick, Cone, & Greenberg (1044) found that a 
crystalline ficin required no activators if its oxidation was prevented; 
in less highly purified systems, and in vko, activators may protect the 
enzyme from oxidation and from inhibiting heavj’ metals. It is possible 
that the active form of papain and similar enzymes has free sulphydryl 
groups, and is inactivated by oxidation to a disulphide compound. 
This view has been supported by many workers, e g Bersin (1936), 
but is still not universally accepted Some proteolytic enzymes, e g 
solanain, are not activated by hydrogen cyanide or hydrogen sulphide 
(Greenberg & Winnick, 1940). Comparison of the effect of activators on 
different enzymes is difficult unless, as is rarely possible, each is tested 
in identical conditions in relation to oxido reduction potential and the 
presence of impurities The sensitivity of proteolytic enzymes to 
activation and inhibition may be important for regulation of their 


activity within the cell. 

Ciystalhne papain is a prolamin, being soluble m 70 per cent 
ethanol Its moleoular weight is 20,700 when prepared from dried latex, 
blit about 27,000 when prepared from fresh latex. The molecule appears 
to consist of a single peptide chain Most of the usual amino acids are 
present, except methionine. An nmisual feature is the high content of 
tyrosine, which on a weight basis is the most abimdant amino.acid in 
the molecule, followed hy ghifnmie acid and aspartic acid {^mmel & 
Smith, 1954, Smith, Kimroel, S Brown, 1954; Smith, Stocheil, & 
Kimmel, 1954). 
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B. Formation of Plasteins 

Plastein is a general terra for ill*defined insoluble products formed by 
proteolytic enzymes from concentrated protein hydrolysates. Banilevski 
(1886) and Mikhailov (1880) recorded such a reversal of the proteolytic 
action of pepsin. The condensation of peptides by proteolidic enzymes 
was confirmed by later workers, but the nature of the products and 
their relation to protein have caused much controversy. Lavrov (1907) 
showed that plasteins contained sulphur. Henriques & Gjaldbak (1911) 
synthesized plasteins in which few free amino groups could be detected 
by the formol titration method. Collier (1940), using crystalline papain, 
obtained from the digestion products of egg albumin a material with 
few free amino or carboxyl groups. Virtanen & Kerkkonen (1948) 
reported that pepsin formed peptides of molecular weight about 300. 
These clearly could contain only a few amino-acid residues, but were 
considered to be of cyclic structure as they showed few free amino 
groups. Such a structure could also be invoked to explain the paucity 
of amino groups observed by some earlier workers in products of 
unknown molecular weight. Later work from the same laboratory 
(Virtanen, Kerkkonen, Laaksonen, & Hakala, 1949; Virtanen, Kerk- 
konen, Hakala, & Laaksonen, 1950) led, however, to the conclusion that 
pepsin synthesized polj’pcptides containing on the average about 40 
amino-acid residues and with molecular weights up to 10,000. These 
peptides were not formed from mixtums of amino-acids, or of dipep- 
tidcs and tripeptides, the enzyme requiring more complex peptides as 
a substrate. Tauber (1051a, b) reported the synthesis of much larger 
molecules (molecular weights from 250,000 to 400,000) by chymotrj'psin 
acting on peptides. Afanasyev &, Talmud (1952) state that plastein is 
formed in jwptone solution if pepsin is replaced by benzene, benzalde- 
hyde, benzoic acid, toluene, or xylene. Horowitz & Haurowitz (1959) 
Bjmtbcsizcd plasteins from small peptides with pepsin and chymotryp- 
sin; they found that esters of various C**-labelled amino-adds, but not 
the free amino-acids themselves, were incorporated into plastein and 
concluded that it was formed e.s.scntially by transpeptidation reactions. 

riastcin formation shows the reversibility, in conditions involving 
no large change in free energy, of hj’drolysis by some protein-splitting 
enzymes, it may not, however, be closely related to protein sj’nthesis 
in riro. Tliere is other evidence that protein synthesis from peptides 
requires little energy. Butler (1940) made a rough calculation of the 
cnergj- changes involved in tliis aynlhcsis, and concluded that complete 
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oxidation of a glucose molecule provided sufficient energy to condense 
about 100 amino-acid residues to protein. Resj-nthesis of proteins from 
their hydrolysates by proteolytic enzymes at pressures of the order 
of 10,000 atmospheres was reported by Bresler (1047) and by Bresler A, 
Glikina (1947). Bresler & Selezneva (1953) hydrolysed serum albumin 
by trypsin and chymotrypsm. The hydrolysate, containing peptides 
u ith an average of five amino-acid residues, was used for resyntbc^iis 
at 0000 atmospheres in the presence of 20 per cent glucose to stabilize 
the enzymes. The product behaved in the ultracentrifuge verj' similarly 
to the original protein, but contained some material of different 
molecular weight. Bresler, Glikina, Selezneva, & Finogenov ( 1953 ) 
repeated this work ivith other proteins, and noted that the synthesis 
was a sudden rather than a gradual process The sjTithcsis w as inhibited 
by mixed substrates. Bresler, Glikina, & Tongur (1951) hydrolysed 
insulin with chyraotiypain to inactive fragments of low molecular 
•weight, and resynthesized it at pH 8*8 and 0,000 atmospheres to 
the biologically active hormone. Tlieso observations suggest that pro- 
tein may in some circumstances be resjmthesized from its hydrolysis 
products without a large input of energy, but other considerations 
indicate that m general protein synthesis follows a pathway thflerent 
from the reversal of hydrolysis. Tahrar t 3rac)icbocuf ( 1954 ) were 
unable to repeat the ohscrvatloas of Bresler and his colleagues. 
Increased •vnscoaity was noted, but no sjnithesis of pcptido bonds could 
be established. The enzymes used becnnie inacfivntcil at high pres'^iires. 

C. Synthesis of the Peptide Bond 

Formation of the peptide bond is nn endothermic process. Tlie 
heat of formation of this bond varies considerably w ith the configuration 
of the reacting molecular specks; it is generally estimated at 3,000 to 
4,000 caloriesm the synthesis of simple amides and peptides, but may be 
less for peptide bonds formed in condensation of polypeptides 
1953). The equilibria of the reactions catalysed by proteolytic enzymes 
arc in aqueous solution far to the side of hjdrolysis for i>eptides «i(ii 
even moderate soluhility in w ater. Peptide sj-nf hrsis by these enz^mies 
requires that the peptides formed be remo\e<l from the reaefmg 
system, either by participation in some further reaction or by pre- 
cipitation on ing to low solubility. 

rormation of pcptido bonds by pratcotjlio rnij-nics first 
demonstmtod in n nclldcfinorl He;?:™"". ^ 

Conmt (1037), n!,o«vntliPsir«l substituted pci, tide procp.totci ls-!o<r 
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their equilibrium concentration. Papain acting on a concentrated 
solution of leucine anilide and benzoyl-leucine formed a peptide bond 
with production of benzoylleucyl-leucino anilide. Bergmann & Pruton 
(1038) obtained 65 per cent of the theoretical yield in condensing 
benzoyl-tyrosine and glycine anilide to benzoyl-tjTosyl-glycine anilide 
with chymotrypsin. The yield of the more soluble peptide formed from 
benzoyl-tyrosine and glycine amide was in similar conditions about 1 
per cent (Pruton, Johnston, & Pried, 1051). aiymotrypsin requires 
neither free amino nor free carboxyi groups in substrates for hydrolysis. 
In synthetic reactions it acts on compounds containing combined amino- 
acid residues rather than on free amino-acids. Kaganova & Orekliovich 
(1954) found that it coupled the ethyl ester of tyrosine with amides, 
esters, or peptides of aspartic acid, glutamic acid, and leucine but not 
with the free amino-acids. 

Some results with preparations from animal tissues suggest that 
tn fivo protein breakdown requires energy or is tied to some energy- 
producing process. Simpson (1953) injected S’MaheUcd methionine and 
C'Mabelled leucine into intact rats, and followed the breakdown in 
liver slices of proteins incorporating these radioactive amino-acids. 
Protein breakdon-n, as measured by the appearance of labelled methio- 
nine and leucine, was inhibited in intact cells by inhibitors of respiration 
and of protein synthesis; neither affected breakdown in disrupted cells. 
Steinberg, Vaughan, & Aiifmscn (1956) reported similar results and 
found that o- and p-fluorophenylalaninc inhibited both synthesis and 
breakdo^m of protein. 

D. Phosphorylation and the Synthesis of Peptide Bonds 

Tlie stimulation by phosphate of protein synthesis in disks of potato 
tuber tissue led Steward & Preston (1940, 19416) to suggest that 
phosphorylated nitrogenous comjiouDds were involved in the formation 
of protein. Lipmann (1941) made similar suggestions by analogy with 
tlio role of pbosphorylations in other biosynthetic processes. Black & 
Gray’ (1953) found in yeast an enzyme forming aspartyl phosphate 
from aspartic acid and adenosine triphasphate. 

Tlic tripeptide glutathione (y-glutamylcysteinylglycine) is sjTithes- 
ized in liver and yeast (Bloch & Anker. 1947; Bloch, 1949; Snoke, 
1953; Snoke & Bloch 1952, 1955; Mandeles & Bloch, 1955) by the 
reactions: 

(1) glutamic acid -f cysteine -f ATP -»• 

y-glutaraylcysteine + ADP phosphate. 
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(2) y glutamjlcjstcino + gljcine + ATP -)• 

gtotafhione + AVF + jiiosphate 
“ “““ as m 

«l«tam,»o E„qa,e ajslcma catalyamg glutathione 
Bjnthcsis occur in higliorplants (Webster, WSSb c Webster & Varner 
I0o4ii, 6, lOSSa) Virtancn A Ettah (tOSS) recorded another y' 
glutnmjltripoptidt, (yglatnmjhaljlglutamio ncid) m J, incus mnjo 
vicralui), J ejfmu3, and J jihformts 

Tho s} ntliesia of pantothenic acid m bacteria (Ufaag 1952, Ginoza &, 
Alternbem, 1055) folloiis a someiihat simdar course 
pantoic acid + ^ aJanmo -f ATP 

pantothenic acid -f- AMP 4- pyrophosphate 


E Transamidatlon and Transpeptidaiion 

Proteases as a ell as hydrolysing peptide bonds also catalyse 
tnnsfer reactions (Bergmann A. Fraenbel Conrat 1937) of the type 
CONH— + XNH, ^ R— CONH— X + R^XH, 

It IS probable that an enzyme peptide compound is formed Trhich 
reacts either nith ivater, leading to hydrolysis or Tvith an amine which 
accepts a complex group transferred from tie peptide molecule 
Johnston, Mycelr, <L Fruton /J950) show'ed that papain catalysed 
exchange of the amide group of benzoylglycylamide with N*® labelled 
ammonia and wth hjdroxylamine Fruton Johnston & Pried (1051) 
obtained transfei of several more complex groups by papain and by 
ficjn 

Stumpf Loomis & Slichelson (1951) found in higher plants a indel^ 
distributed y glutamyl transferase catalysing transfer of y glutamyl 
groups from glutamine to hydroxylaniine or to N^® labelled ammonia 
In contrast to the somewhat similar transfer reaction cataljsed by 
papain, hydrolysis did not accompany tJie transfer The enzyme was 
highly specific for glutamine Transpeptidases catalysing exchange 
reactions between peptides and free amino acids occur m plant and 
animal tissues (Hanes Hird Alshernood 1952, Kngano\a A Orekho 
vich, 1053) Cathepsin catalyses the condensation of two molecules of 
alanylphenylalanme amide to a tetrapeptide, which in turn combines 
with the original dipeptide to form a hexapeptide, one molecule of 
ammonia being eliminated at each condensation (Fig 00) (Fruton, 
Hearn, Ingram Wiggans A, Wimte 1953) Mcdiedyev A Shen (1959) 
supplied C» labelled peptides to detached leaves of F/iasroliis vulpane 
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and ThzrmopsiB officinalis (Lcguminosae). Eadioactive carbon appeared 
in the leaf proteins, suggesting that the peptides ivere used in their 
synthesis. 


H.r 


CH, Wr-C,H, CH. CH,— C,H, 

4— in— CONH— NH— in— CONH, "h H,N— CH— CONH— N H CH C ONH, 
AlanylphenyiaJanifift 2mide | Alanylphenylalanine amide 


CH, CH,-C,H, CH, CH,-C,H, 

H.N— CK— CONK-CH-CONH— ^H-CONH— <I:K— CONH, 
Tetrapeptide 

I ^ AtanrlphenyUttnine amide 
i -NH, 

Hexapeptide 


Fic. 60. 


F. Activation of Amino-acids 


Activation is an ambiguous term used with more than one meaning 
in the chemical and biochemical literature. In studies of chemical 
kinetics an activated molecnle is one which has acquired an energy 
content higher than t!ie average, enabling it to enter a reaction with a 
definite threshold energj' level. In biochemistiy an activated molecule 
is usually an intermediate compound more reactive than its precursors 
or the final products of the reaction pcquence. These labile intermediates, 
being difficult to isolate, are rarely recognized as reactants in early 
studies of a reaction sequence, though chemical considerations may 
suggest their existence. Known or postulated reactive derivatives are 
often referred to ns ‘activated’, though the kinctically activated 
molecular species taking part in the key reactions are more likely to be 
enzyme-substrate complexes. TIic word ‘activation’ thus has distinct 
biochemical and kinetic meanings which should not be con£usoii with 
one another. 

Knoop (1910) and du ^ igneaud ic Iripli (1038) suggested that acetyl 
derivatives are intermediates in the synthesis of amino-acids and 
peptides, as in the sequence: 


n 

R 

U 

1 CH, 

1 

1 

CH, 1 

CH, 

CH, 

1 + CO + XH, 

- 1 

1 

CO 1 

aiNH.CO.CH, 

CHNH. 

j 

1 COOH 

1 

COOH 

COOH 

COOH 


-f- CTIs 
! 

COOH 
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Bloch 4, Eorek (1046) obtained dentennm labelled acetylammo acids 
on incubating hrar slices nith labeUed acetic acid and leucine, phenyl 
alanine, and phenylammobntync acid The acetyiammo acid coire 
spondjng to the Jast named ammo acid was not further metabolized 
and ncciimulated much more than the acetylleucme and acetyjphenyl- 
alanine Mutant strains of Es(^n<^ta coh that do not synthesize 
tyrosine and phenylalanine are however, unable to use their acetyl 
denvatj-ves (Simmonds Tatum &Fruton 1D47) An enzymatic acetal 
ation of glycine precedes the formation of hippunc acid from glycine 
and benzoic acid in preparations from animal tissues Both adenosine 
triphosphate and co enzyme A are involred, the suggested sequence 
of reactions is (Chantrenne, J951, Schaehter & Taggart, 1954) 

(1) E -f ATP E- — AMP -f- pyrophosphate 

(2) E— AMP -f HS— CbA E— S— CoA -f AIUP 

(3) E-S-^CoA + HOOC^-CeH, 

CoA--S~00-CgH6 + E 

(i) CoA— S— OC-CeHs + HjN-CH.— COOH «=* 

CjH,— CONH— CHg— COOH + CoA— SH 
(E =s enzyme (glycine N acylase), ATP — adenosmetnphosphatc) 

Enzyme catalysed reactions forming a high energj bond between 
adenosine monophosphate and the carboxjl groups of ranous ammo 
acids occur m preparations from animal tissues and micro organisms 
(Hoagland 1955, de Moss & NoacJli, 1955, Hoagland Zamocmk, i- 
Stephenson 1957, Cole, Coote, & Work, 1957, Niamann, Bergraann, i- 
Berg, 1957, BernJohr & Webster, 1958} Tliere is evidence (Webster, 

1 957a, b, 1 959) for the occurrence of similar reactions in plant materials 
The activating enzymes generallj occur in the hqtud remaining after 
removal of intracellular particles, some workers (eg Webster, 1957o, 
Weiss, Acs, & Lipmnmi, 195S) however, reported activationinparticJes 
Work on enzymes catalysing the formation of ammo acid adenylates 
has attracted much attention owwg to their probable connexion with 
protein synthesis, and they are being actively studied m several 
laboratories Some authors hold that n separate enzyme activates each 
of the ammo acids built into the protein molecule, but this is not satis- 
factorily established Keports on the subject are somewhat contradic 
ton’ clanfication by further work is needed and may confidently bo 
expeefedmview of the intense activity mtlus field One poosible source 
of confusion is the exchange of free tryptophan with its adenylate m 
the presence of the tryptophan activating enzyme (Karasek. Castcl 
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franco, Krislnmswamy, & Jlcistcr. 1958). The occurrence m some 
tissues of other compounds between amino-acids and nucleotides may 
also complicate the study of amino-acid adenylates. 

In silk-forming glands of the silkworm, activation of the carboxyl 
groups of amino-acids shows no correlation with their incorporation 
into the silk protein (Heller, Szafranski, & Sulkowski, 1959). Tryptophan 
and tyrosine showed the highest rate of activation, tliough neither was 
an important constituent of the protein 83 'nthcsized. Glycine, a major 
protein constituent, was not activated. No transacylation to glycine 
was detected; its mode of incorporation thus remains doubtful. In 
bacterial (Bcljanski & Ochoa, 1958) and animal (Cohn, 1959) systems 
there is evidence for the incorporation of amino-acids into protein in the 
absence of activating enzymes. There may therefore be pathways of 
protein synthesis not involving amino-acid activation by the mechan- 
isms now known. 

Tim simultaneous presence of all the amino-acids (or their active 
derivatives) occurring in a protein may be essential for its synthesis. 
Monod, Pappenheimor, & Cohen-Bazire (1952) showed that, in eleven 
mutants of Escherichia coU each requiring an extraneous source of a 
particular amino-acid, cell protein and the adaptive enzyme j 8 -galacto- 
sidase were not synthesized in the absence of the essential amlno-acid. 

XJridine nucleotides combined with peptides accumulate in cells of 
Staphi/lococcus aureus treated with penicillin. The cell-walla of this 
bacterium contain a substance yielding on hydrolysis glutamic acid, 
alanine, and an amino-sugar. Transglycosidations involving uridine 
diphosphate nucleotides may take part in the synthesis of this cell-wall 
material. The nucleotide-peptide compound observed in penicillin- 
treated cells is probably an intermediate accumulating when its further 
metabolism is blocked by the antibiotic (Park, 1952 ; Park & Strominger, 
1057). Synthesis of these cell-wall compounds involves an enzyme- 
AMP-D-alanine intermediate in JjaclobaciUus arabinosus (Baddiley & 
Neuhaus, 1959). 

Adenylamino-acid anhydrides have been chemically synthesized 
(de Moss, Genuth, & Novelli, 1956; Karasek et al., 1958); the latter 
■workers also isolated adenyl tryptophan from the products formed by 
the tryptophan-activating enzyme acting on C“-labelled tryptophan 
and adenosine triphosphate. The mixed anhydrides are highly reactive 
and indeed unstable compounds, reacting so rapidly with water that in 
neutral solution their half-lives are measured in minutes. Thi.s reactivity 
13 in agreement with the behaviour of mixed anhydrides of amino-acids 
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and free or substituted phosphonc acids (Chantrenne, 1950, Bentler 
Netter, lOSS.Katchalskj &Paecht 1954) Labelled adeujj snuuo acids 
transfer their ammo acid portions to protein non enaymaticalh 
(Lastelfranco, SIoIdaTe, 4, Master, 1958) The sjmthelic miTed ammo 
acid adenylic acid anhydrides also react much more rapidly irith 
hjdro^ylanune than the enzymatic products in a reaction mixture 
It IS therefore supposed (Hoagland, 1955, Davie Koningsbergcr, I 
Itipraann, 1956) that the latter remain firmly bound to the enzyme 
molecule on uhich they are formed This implies tint in the complex 
of enzyme and mixed anhydride the acyl group of the ammo acid is 
protected m some vay against reactions m A\hich it uould normally 
participate m aqueous solution but is available for further enzj matic 
83dithetie reactions 

Cormier, Stulberg & Novelii (1959) obtained from Phofobacterinm 
Jiachen an enzyme activating the carboxj I group of gl> cine Unhke the 
enzymes already mentioned it did not catalyse an exchange reaction 
hetiveen adenosine triphosphate and inorganic pjTopliospbato either 
m the presence or the absence of glycine Studies with 0^* labelled 
glycine suggested the foHou mg course for the activation 

enzyme + ATP + glycme enzyme — ^gJycyJphosphato -f- ADP 


Anuno acyl compounds of thioesters provide another t^pe of 
reactive amino acid derivative WieJand & ScJiafer (1951, 1052) 
obtained such denvati ves by the reaction of ammo acid Ii^ drochlondcs 
with thiophenol Aminoacjl derivatives of aliphatic mcrcaptans 
could not be obtained directly, but -were syntliesizcd an acyl transfer 
reaction with deni atives of tliiophenol These reactions transferred acj I 


groups to ammo groups in physiological conditions, but uoro very slow 
WieJand, BoheJmann Bauer, Lang, A I.au (1053) found that the 
reaction uns greatly accelerated with compounds eg cystemo and 
cysteamine, which had Bulphydiyl and ammo groups m the same 
molecule and m stencally satisfactoiy positions relative to one another 
In such cases acjl groups migrated rapidly from the sulpimr atom to 
the ammo group Similar rearrangements occur in 6 oc\I peptides 
Wieland Lang & Liebsch (1955) studied the rearrangementa taking 

place on’neutralizationof5iaMi''oIar»jfebc)Icyslcarmnc TI.Hcom. 

pound voided three stable peptides uith different arrangements of 
the four ammo acid residues contained in the onginaJ ix-plide 4? aeyl 
compounds of ammo acids may thus plaa some jxart m protem bio^vi 
thcius through thiol linkages comparable to those formed by co-eniyme 
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A, but this rcmnins to be established. It may be relevant in this 
connexion that 2-mercaptoethylamine increases the binding of labelled 
leucine to soluble ribonucleic acid, apparently by a process independent 
of amino-acid adenylates (Rendi & Hultin, 1959). 

The main immediate interest of this -work, and of similar insertions 
of amino-acid residues into existing peptides with other acyl-amino- 
acids (Brenner, Zimmermann, Wchrmiillcr, Quitt, & Photaki, 1955), 
lies in the entry of individual amino-acids into peptide chains without 
requiring their complete synthesis from the amino-acid level. This 
observation emphasizes the need to distinguish between incorporation 
of exogenous amino-acids and complete protein synthesis. Other 
workers (e.g. Castelfranco, Moldave, & Meister, 1958; Zioudrou, Fujii, 
&Fruton, 1958) have showm that amino-acid adenylates are incorporated 
into protein molecules by both enzymatic and non-enzymatio reactions. 
Sarkar, Clarke, & Waolsch (1957) and Clarke, ilycek, Neidle, & Waelsoh 
(1059) showed t'liat an enzyme system from mammalian tissues 
catalysed the incorporation into many proteins (though not into all 
that were tested) of a wide range of amines not knowm as normal 
constituents of protein. Among the amines incorporated in this way 
were alanine amide, cadavcrinc, glycine amide, ethanolamine, methyl- 
amine, phenylethylamine, putrcscine, and spenoine. Lysine was also 
incorporated, but none of the monoaminomonocarboxylio acids tested. 
The reaction required no extraneous source of energy. The amines were 
incorporated as such, cadavcrinc taken up by a protein being recovered 
from its acid hydrolysate. Tlic amines may replace amide groups in the 
protein; ammonia was liberated during the reaction in amounts 
proportional to the uptake of amine. 

Amino-acids not occurring naturally can be incorporated into 
protein. These include ethlonino (an analogue of methionine) in 
Telrahjmejia pi/ri/ormia (Gross & Tan'cr, I95G), azatryptophan in 
Kscherkhin eoU (Pardee, Shore, & Prestidge. 1956) and p-fluorophenyl 
alanine in tlic same organism (Slunier & Cohen, 1956). Labelled norlcu- 
cinc supplied to cows is incorporated into the casein of their milk 
(Black & Ivleibcr, 1955). Methionine appears to be completely replace- 
able by its selenium analogue in E. coli (Cowic & Cohen, 1957). Protcin- 
syntbcsizing mechanisms are thus far from completely specific -when 
eourronted with amino-acids outside their normal range. Within that 
range they may operate with greater precision. 
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G. Nucleic Acids and Protein Synthesis 
Caspersson ,mi) "y 

nucieio acid content of eel co-norUrs showed in a 

to synthesize protein. These an o y , synthesizing protein 

wide range of animai “ ‘“j'^^lLLomparable origin 
contained much more rihonuc ei physiologicaily very 

which formed iittie protein, even jo^j^ed by the silk-forming 

active in other ways. A 80“^ '*”'"? function is the sj-nthesis of silk 
gland of the silk-worml its only ccid (Brachet. 10421 

fibroin (a protein) and it is , inhibited by ribonuelease, 

Dennci, 1962); synthesis of Ja (Takeyama, Ito, & Miura, 

appears to depend on intact ribonncl I hormones 

1058) In endocrine glands s im gonads stimulated 

(Desclin, 1940; Herlant, LencMenherger, 1050, 

to produce reproductive ^ 1961) there is a close connexion 

Kabinovitch, Junqueira, & Bothschdd J^ ^ ^ 

between protein Sable for plants, but it has been 
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the synthesis of nucleic acid (Gale & Ifolkes. 10536) In EscherUhia 
coli chloramphenicol and the structurally unrelated antibiotic 
eiTthromycin had very simOar effects, both stopping protein synthesis 
without inhibiting formation of nucleic acid {Brock & Brock, 

E. coli treated with chloramphenicol forms large amounts of nbo- 
niicleic acid. In ceUs subsequently transferred to media free of the 
antibiotic most of this material is excreted before groivth, multipli- 
cation, and protein synthesis are resumed (Hahn, Schaechter, Ceglowsfa, 
Hopps, & Ciak, 1957). The authors suggest that the excreted matenal 
is a normal ribonucleic acid formed in excess of the amount required by 
cells that cannot synthesize protein. It may, however, be abnormal 
material ineffective in protein synthesis. Ben-Ishai (1957) and Horiuchi, 
Horiuchi, & ilizuno (1959) reported results suggesting that in E. coh 
protein synthesis requires a concurrent synthesis of ribonucleic acid, 
pre-formed ribonucleic acid being ineffective. A similar situation might 
explain the observation (Webster & Johnson, 1D55) that in preparations 
from roots of pea seedlings protein sj’nthesis was stimulated more by 
mixtures of purines, pyrimidines, nucleotides, and nucleosides than by 
added ribonucleic acid. 

The antifungal polyene amphotericin B inhibits the synthesis of both 
protein and ribonucleic acid in the yeast Candida albicans (Drouhet, 
Hirth, & Lebeurier, 1938; Birth, Lebcurier, & Drouhet, 195Da). It 
appears that this substance, which inhibits also the synthesis of 
carbohydrate reserve materials, acts by accelerating the conversion of 
adenosine triphosphate to adenosine diphosphate; it may activate 
adenosine triphosphatase (Hirth, Lebeurier, & Drouhet, 19596). The 
relation between the s^mtheses of protein and nucleic acid seems not 


to be reciprocal; protein synthesis requires the presence, and perhaps 
the concurrent synthesis of nucleic acid, but the latter can be synthesized 
in conditions preventing protein synthesis. Some reports (?>Iitchcll, 
1950; Wisseman, Smadel, Hahn, & Hopps, 1954) suggest that protein 
synthesis in bacteria may not always be completely inhibited by 
chloramphenicol. There is, however, general agreement that this anti- 
biotic affects the formation of protein much more strongly than that 
of nucleic acids. 


Gale Sc Folkcs (1054a, 6; 1955) studied the effect of ribonuclease on 
protoplavts Staphjlococevs aureus disrupted by ultrasonic vibrations. 
Treated cells still showed net protein sjmthesLs, and formed the adaptive 
enzyme ^-galactosida-^c. Removal of ribonucleic acid with ribonuclease 
inhibitcil protein sjmlhesis; the inhibition was reversible by addition 
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(Commoner & Mercer, 1952) by thiouracil, nn analogue of uracil, one of 
the pyrimidine components of ribonucleic acid. S^^-Iabelled thiouracii 
supplied to infected tobacco leaves is incorporated into vims nbonucleic 
acid (Jeener & Rosseels, 1953; Matthews, 195fi). The abnormal nbo- 
nucleic acid bo formed is non-infective and therefore docs not induce 
synthesis of viraa protein, 8-Azaguanine, an analogue of guanine, a 
purine component of ribonucleic acid, also inhibits vims multiplication 
in this way (Matthews, 1051, 1953. 1954). Thiouracil is incorporated 
into ribonucleic acid in bacteria also; Hamers & Hamers-Casterman 
(1959) found that in liacteriutn megatherium it replaced 20 per cent of 
the uracil. Bacteria containing this altered ribonucleic acid produced 
a protein resembling the ^-galactosidasc of normal cells but shouing 
little or no enzymatic activitj’. Tlic authors suggested that this protein 
was an altered enzyme formed under the influence of the thiouracil- 
containing ribonucleic acid, Creaser (1955) found that 8-azaguanine 
inhibited the substrate-induced synthesis of ^-galactosida.se b}’’ Sfaphy- 
lococci/aaureua.theinhibitionbeing reversible by guanine, hjpoxanthine, 

or xanthine. He suggested that incorporation of S-azaguanlne produced 
an abnormal ribonucleic acid ineffective in protein sjTithesis. In 
Bacillus cereus up to 40 per cent of the guanine in ribonucleic add can 
bo replaced by 8-azaguaninc (Smith & Matthews, 1 957). The ribonucleic 
acid so formed ia more add-labile than the normal material of this 
species. Protein synthesis is inhibited within ten minutes after 8- 
azaguaninc is added to the culture (Chantrenne & Devreux, 1958). 
6-Fluorouracil can replace almost half the uracil of ribonucleic acid in 
Escherichia coJi (Horowitz & Chargaff, 1959). Its incorporation into 
bacterial ribonucleic acid changes the amino-acid composition of 
protein formed subsequently (Naono 4; Gros, 1900). 

Separation of the protein and ribonucleic acid of a virus and its 
resynthesis from these components were reported by Fraenkel-Conrat & 
Williams (1955) and Lippincott & Commoner (1950). This work was 
followed by the demonstration (Gicrer & Schramm, 1950; Fraenkel- 
Conrat, Singer, t Williams, 1950) that the ribonucleic acid component 
of tobacco mosaic virus retained, independently of the protein portion, 
some infectivity, which was destroyed by digestion with ribonuclease. 
Synthesis of Semliki Forest virus (Cheng, 1058), of an influenza virus 
(Portocala, Boeru, &, Samuel, 1959) and of a polyhedral insect virus 
(Krieg, 1950) is also induced by their ribonucleic acid components. 
Reconstitution of an infective virus by combination of protein and 
ribonucleic acid from two different strains of tobacco mosaic vims is 
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Caspersson (1950) suggested the nucleus as tbe main site of protein 
synthesis in the cell. Later work has continued to emphasize the 
powerful influence exercised by nucleic acids on protein synthesis, 
which is now known to occur both in the nucleus and the cytopla^ni. 

Numerous observations on animal material showed that nuclei, 
both within the cell and isolated from it, can synthesize protein; the 
nucleolus is particularly active in this respect (Daly & Mirsky, 1952; 
Smellie, Meindoe, & Davidson, 1953; Ficq, 1955o, &). In many tissues, 
however, protein synthesis in the cytoplasm seems to exceed that in 
the nucleus. Suhstantial synthesis of protein is possible in cells without 
a nucleus. Reticulocytes, enucleate cells developing into the red corpus- 
cles of tbe blood, incorporate labelled amino-acids into protein and 
form specific proteins such ashacmoglobin andscvcral cnz>Tncs (London, 
Shemin, &; Rittenberg, 1950; Holloway & Ripley, 1952; Koritz & 
Chantrenne, 1954; R,abmovit 2 & Olson, 1959). The large unicellular alga 
Actlahularia ?nedi7erranea provided very interesting data (Brachet & 
Chantrenne, 1951; Brachet, Chantrenne, & Vanderhaeghc, 1955) in 
this connexion. It was divided into two portions, one retaining the 
nucleus. In favourable conditions the enucleate portion regenerated 
rapidly, synthesizing large amounts of protein. The initial rate of 
synthesis even exceeded that of the nucleate portion. Protein synthesis, 
as measured by the incorporation of labelled glycine and (in the light) 
of labelled carbon dioxide into protein persisted for about two weeks 
after removal of the nucleus. Carbon from carbon dioxide w’as incor- 
porated mainly into chloroplast proteins; labelled glycine appeared 
mainly in the microsome fraction of the cells. This work was confirmed 
and extended by Richter (1959) who found in nucleated growing cells 
of Actiabularia a constant- ratio between ribonucleic acid and soluble 
cj-toplasmic protein, both being synthesized steadily. Enucleate 
portions ceased to form ribonucleic acid, whose amount remained 
constant, but the content of soluble cytoplasmic protein increased for 
21 days. 


Loss of the nucleus, though without obvious immediate efiect, 
finally prevented further grof^nh, protein synthesis ceasing after two 
or at the most three weeks. Possibly the supply of some material, 
produced by the nucleus and necessary for gro^rth, is exhausted in the 
enucleate portion of the alga. 

■Hicre IS, as mentioned carUer. much evidence that protein is 
sjmthc-nzcd m tlie cliloropiastB, Mitochondria also synthesize protein 
e )S cr, , Bates, Craddock, & Simpson, 1058); its synthesis is 
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Caspcrsson (lOflO) suggested the nucleus as the main site of protein 
synthesis in the cell. Later work has continued to emphasize the 
po-n-erful influence exercised hy nucleic acids on protein synthesis, 
■which is now known to occur both in the nucleus and the cytoplasm. 

Xuraerous observations on animal material showed that nuclei, 
both within the cell and isolated from it, can sj'nthesizc protein; the 
nucleolus is particularly active in this respect (Daly &• 10^-, 

Smeliie, JIcTndoe, &: Davidson, 1953; Ficq, 1955a, h). In many tissues, 
however, protein synthesis in the cjdoplasm seems to exceed that in 
the nucleus. Substantial sjTithesis of protein is po.ssible in cells without 
a nucleus. Reticulocj'tes, enucleate cells developing into the red corpus- 
cles of the blood, incorporate labelled amino-acids into protein and 
form specific proteins such as haemoglobin and .several enzjTnes (London, 
Shemin, 4: Rittenberg, 1950; Holloway 4: Ripley, 1952; Koritz 4: 
Chantrenne, 1954; Rabinovitz 4: Olson, 1959). The large unicellular alga 
Aetlahularia mediltrranea provided vco' interesting data (Brachet & 
Chantrenne, 1931; Brachet, Chantrenne, 4: Vanderbaegbe, 1955) in 
this connexion. It was divided into two portions, one retaining the 
nucleus. In favourable conditions the enucleate portion regenerated 
rapidly, synthesizing large amounts of protein. The initial rate of 
synthesis even exceeded that of the nucleate portion. Protein synthesis, 
as measured by the incorporation of labelled glycine and (In the light) 
of labelled carbon dioxide into protein persisted for about two weeks 
after removal of the nucleus. Carbon from carbon dioxide was incor- 
porated mainly into chloroplast proteins; labeUed glvcine appeared 
mainly in the raicrosorne fraction of the cells. This work was confirmed 
and extended by Richter (1959) who found in nucleated growing cells 
of Acilabularia a con.ctant ratio between ribonucleic acid and soluble 
cytoplasmic protein, both being synthesized steadilv. Enucleate 
portions ceased to form ribonucleic acid, whose amount remained 
constant, but the content of soluble cytoplasmic protein increased for 
21 days. 


Loss of the nucleus, though srithout obvious immediate effect, 
finally prevented further growth, protein synthesis ceasing after tiro 
or at the most three weeks. Possibly the supply of some material, 
produced hy the nucleus and necessary for groivth, is exhausted in the 
enucleate portion of the alga, 

■niere IS, as mentionrf earlier, much evidence that protein is 
symth^ixed m the chloroplasts. Jlitochondria aLso synthesize protein 
( e ) cr, a , Bates, Craddock, & Simpson, 1938); its synthesis is 
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Bcparated Boluble ribonucleic acid from liver into fractions specifically 
incorporating isoleucine, lysine, threonine, and tjTosine, as activated 
compounds bound to an enzyme molecule. In disrupted cells of 
Staphylococcus aureus (Gale & Folkes, 1055) specific dinucleotidcs and 
trinucleotides promoted the incorporation of individual amino-acids 
(aspartic acid, glutamic acid, leucine). The amino-acids attached to 
soluble ribonucleic acid seem not to be linlicd in peptides. Xuclcotide- 
peptide eompound-s are, however, reportetl from animal, fungal, and 
bacterial sources (Dirhcimcr, Weil, & Ebel, 1958) and from j'cast 
(Koningsberger, van der Grintcn, & Ovcrbcelc, 1957). Tlie peptides are 
probably joined tlirough their carboxyl groups to the nucleotides. Tlie 


Dutch authors suggest that these compounds represent a stage in 
protein synthesis; their data are consistent with this conclusion but 
other interpretations seem possible. Harris & Davies (1959) isolated 
from yeast a nucleotide-peptide characterized as uridine-5'-phosphatc 
combined a tetrapeptidc containing two molecules of alanine and 
two of arginine. 

Busch, Weill, Ledig, & Mandcl (1958) studied the cfTcct of protein 
deficiency on the biosynthesis of ribonucleic acid in the liver ccU-sap 
of intact rats. Prolonged protein deficiency led to a reduction in ribo- 
nucleic acid. Two fractions of ribonucleic acid were distinguished, the 
metalx)lically more active being also more stable in deficient animals. 
The synthesis of ribonucleic acid and of protein were both inhibited, 
as might be expected from the associations between these substances 
established in other work, and from the fact that certain amino-acids 


are precursors both of protein and of nucleic acid. Deficiency of amino- 
acids also suppressed the formation of ribonucleic acid in bacteria 
(Gale & Polkes, 19536; Borek, Ryan, &, Rockenbach, 1955). Nucleoside 
pol>Tho3phates accumulated, but disappeared when amino-acids were 
suppbed and protein synthesis began. It was suggested that amino-add 
nucleotides were polymerized to a ribonucleoprotein. This may occur 
m particular cases, but ribonucleic acid seems also to be concerned in 
the fo^tion of unconjngated proteins. Amino-acid nucleotides are 
pot^lial precursors of both proteins and nucleic acids 
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I, Protein Synthesis in Cell-free Systems 

It is clear from the preceding discussion that in general protein 
synthesis requires the integrity of intracellular structures and powiWy 
of the cell as a ivholc. Reproducible synthesis in cell-free preparations 
and still more in homogeneous aqueous solutions tvould he convcnien 
in studying the process. Such synthesis may he difficult to otitaiii 
c.itperinientally. and of dubious relevance to the natural process if it is 
achieved. Prospects of success are naturally greater vvitli cell-free but 
still complex preparations containing particles such as mitochondria 
or microsomea than clear solutions. 

Protein synthesis has been reported in various systems of this tjT 
Khesin (1953) stated that intracellular granules from pigeon pancrei 
cells retained the ability to synthesize amylase for 20 minutes aft| 
disruption of the cells. The observed increases ^rcrc small but apparent 
consistent in preparations supplied with adenosino triphosphat 
a-ketoglutaratc, and all the amino-acids contained in the inverta 
molecule, l^csin, Petrashkaite, Tolyushis, & Paulauskaito (195 
obtained from pigeon pancreas and rat liver intracellular granul 
xesembling mitochondria in size but distinguished from them by 
lower density and a higher content of ribonucleic add. Tliesc granul 
were found to increase their total protein content (determined 1 
precipitation with trichloracetic acid) for twenty minutes after isolatio 
thereafter any continuing sjmthcsis was outstripped by Itydrolys 
Sjmthesis required the provision of all protein amino-acids and also 
a medium in which mitochondria had been incubated with adenosi 


tnpnosphatc and a respiratory substrate. The mitochondria wh 
supplied with adenosine triphosphate form some substance requii 
for protein synthesis; its nature is unknown but labile phosphoi 
compounds seem to be excluded. Webster (1955) reported brie 
experiments in which a particulate preparation from pea roots inc 
porated amino-acids into protein. This work was described in grea 
detail by ebstcr & Johnston (1953). Particles sedimented at 40,00 
incorporated C^^-labellcd glutamate, the rate of incorporation be: 
increased by ribonucleic acid and to a greater extent by mixtures 
nucleotides, nucleosides, purines, and pyrimidines. Bates, CJraddock 
Simpson (1958) reported the incorporation of labelled amino-acids i: 
cytochrome c in mitochondria from rat liver. Campbell, Greengard 
Kemot (1958) staled in a brief report that amino-acids were incorpe 
ted into a firmly-bound protein in isolated liver microsomes incuba 
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of bacteria from one strain ^ trons^ja >055) and in the 

1944, Belozerski Spirm, I o lhat enters the host cell (I ets i I 

part of the bacteriophage P^^^ ' "^^t present available sugge « 

Chase 19S2) The rttpenmental ".rr r„lion 

however that nbonocle.e Jdeus niaj p„i 

Specific deovyribonoeleie a^ ^0 
of speeiflc ribonucleic acids 

this IS still speculative J . ^ nithm a species molecular 

protein molecules are „f comran...ve I » J ’ 

constitution within a spcei . 
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;s. The best methods now availahle for the 


and other biotogically active proteins ‘'■'Pf «n 


comparatively small active centres, together with the 


:X::S^^::s^:;i.:^heirimm^ateneighho^o^The^ 


of the ammo-aciu xvsiuuta 

of the molecule might then be regarded as an inert earner - 
composition could varj- within limits defined by such faetom 
and shape, and the balance of amino, carboxyl, and other reac ^ 
aroups in the side-chains. It is sometimes a.ssumed, tacitly at least, 

nrotcinscaninprincipleif not yet in practice be defined by nneqmvo 
* . . tt 1.1 __ exf oTTtinr»-acu 


proteins can iii j vv ... y . 

structures as rigidly determined as those of, say, ammo-acids, 
assumption should be recognked as such, especiaUy in the absence 
experimental methods sensitive enough to confirm or deny it for ai^e 
protein molecules. , 

The concept that the bodies of organisms are built of xnoiviaua 
substances formed by the predse replication of identical molecules bw 
led to great progress in the last hundred years, culminating in the 
determination of precise structures for compounds as complex as insulin 
and vitamin Bu- A different approach to molecular individuality m^ 
he appropriate for proteins, nucleic acids, and highly polymerized 
substances of simpler composition such as starch, cellulose, chitin, an 
the poljTners of glutamic acid produced by some bacteria. These 
matters arc of little immediate importance in studies of protein comp<^ 
sition, Tivhere for some time the purification of compounds for analysis 
is likely to be a limiting factor, except in so far as they raise the 
question vhether the concept of chemical purity is applicable to protein 
preparations of high molecular -weight. Theoretical discussions of 
specificity in protein synthesis and its relation to the transmission and 
realization of hereditary characters are, however, affected by con- 
siderations of molecular individuality. Mechanisms adequate to deter- 
mine the formation of specific configuration.s involving a few amino- 
acid residues, and to install them on a large protein carrier molecule oi 
structure varying within defined limits, arc already difficult to visualize. 
The difficulty is likely to be much greater if we postulate rigid specifi- 
cation and control of the complete structure in the molecules o! 
numerous large proteins within each organism. 

Speculation has been very active concerning pc«3ihle wa53 wherehj 
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pre-existing molecules of ribonucleic acid may determine the formation 
of speeifle proteins. This theoretical and “'■'T, ‘t/r et 
valuable stimulus and guide to experimental studies 
clarified the relations between nucleic acids and protei - 

Nucleic acids are simpler in structure JX 

fewer components. The main 

purines aderane and guanine and ^ ^ another 

three of these bases occur m ^ri^s appear to 

pyrimidine, thj-miue, “ 5^„etlii lej-tosine. and other 

contain only four bases; some also ,,eeu detected, usually m 

substituted purines and pj-rimidin onler of 10> to 10’) 

small amounts. The high molecu ar u „ „ * Hammaretcn, 

now attributed to nucleic acids , ,|,p potential existence 

1038; Cohen & Stanley, 1312: perhaps as the 

of very numerous Individual jj o theorelically possible 

actually existing proteins though feuer than 

protein molecules. variants of the ‘template 

Much attention has been given stmeture serves as a 

hypothesis, which proposes that a P ^ m a 

mould, model, or matrix f'^'^Sdng structure u as in some eariy 

newly synthesized protein. This pm ® d to be a protein trai«- 

versions of the ‘template ■W'’"’” S to be a nbonueleie acid, 
mitted genetically, but is no for instance, that . 

Caldwell &Hinshelnood(1050)eug^ sequence strictly dcteimnl 

a. ...b« •'“T.Jo.j V Tit™ ».ii. 

more than coul jfon-oTcrlappmg ^ ^ ^ nniino acids 

nucleotides (Bmjer, I0o,)^__^ twenty, and o^ti->>. 

however const. I „g^ment ''■''‘ “„,o„mino-acids do occur 

(Crick ct al., 19 > interesting, ^ ^ general 

[ but this can hardlj i>e 
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... th.. » trSrf".' 

\he chemical and enzymatic basis for such a ‘coding ‘ 

largely hyTmthetical: it is probable that the units 
nuLic acid ‘template’ mould be activated ammo-ac.^ ne^a>^ 
aeid-nuclcotide compounds, rather than free a>muo-aads ^P • ^ 
It has been suggested that the nucleotide part of such 
protein synthesis could combine by hydrogen bon^ mith J 

on a ribonucleic acid ‘template’. It seems possible that a deta 
version of those general ideas, mhich may wcU represent m outhn 
the means by mhich specificity is achieved in protein symthcsis, 
elaborated and subjected to esperimental test in the near u 
Protein synthesized in the microsomes appears (Kabinovitz & 

1050, 1950) to be rather firmly bound to ribonucleic acid; tto 
that the newly formed peptide chains are held to nucleic acid by 
bonds whose rupture involves an energy-requiring reaction. Another 
observation that hints at further complexities as yet only dimly 
glimpsed is the apparent association of vitamin B,s with protm 
synthesis in isolated preparations (Kolor & Eoberts, 1957; VTagc, 
Mehta, & Johnson, 1957) and intact animals (Gohhale & Punehar, 1959). 
At present a few stages in protein synthesis seem reasonably "we 
established, notably the preliminary activation of amino-acids and the 
final stages of synthesis in the microsomes, but much remains to be 
done before the gaps in the proces.s are understood. The available 
evidence, moreover, comes largely from animal material and may 


reflect the position in plants, especially in the chloroplasts. 

Some -writers have deduced from the recent emphasis on nucleic 
adds that these compounds are of primary importance in the growth 
and development of organisms, with proteins playing a subordinate 
part. This view is unrealistic; both proteins and nucleic acids appear to 
be indispensable constituents of organisms, and protein enzy®^ 
mediate the synthesis of nucleic adds, as in the bacterial systems studied 
by Grunberg-Manago, Ortiz, & Ochoa (1955, 1956) and Komberg. 
Lehman, Bessman. 4; Simms (1956). In these systems both ribonucleic 
acid and deoxyribonucleic adds are synthesized enzvinatically fro® 
nucleotides, formed in their turn by a long sequence of enzy®^^*® 
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reactions from simple precursors such as glycine, carbon dioxid* 
aspartic acid, and the amide group of glutamine. It is at least a gros 
over-simplification to consider a nucleic acid per se as a self-repbcatiuj 
molecule; replication requires a complex sjmthetic system providet 
\\ itli the necessary precursors and sources of energy Proteins and nucleic 
acids are formed by interlocking and interdependent processes; botli 
classes of compound, being essential in all types of metabolism, are ol 
primary importance for the life of all knoum organisms. It has been 
suggested that protein synthesis may be controlled by structures in 
which nucleic acids are prominent and perhaps dominant constituents, 
it is, nevertheless, clear that sjmthesis of the specific nucleotide confi- 
gurations determining protein structure is itself controlled by protein- 
containing enzymes Protein and nucleic acid appear metabohcally 
indispensable to each other, their syntheses are perhaps only separate 
aspects of a complex system, essential to growth and life, which our 
expenraental and conceptual approach separates into arbitrary 
divisions 

K. Regulation of Protein Synthesis and breakdown 

Earl}' work with isotopic tracers (Heresy, Linderstrom-Lang, 
Keston, & Olsen, lO-tO) indicated a continuous e.xchango of nitrogen 
atoms between tissue constituents and nitrogenous substances entering 
the plant from outside Similar conclusions ucre reached for animals 
(Foster, Schoenheimer, & Rittenberg, I DSD; Sheroin & Rittenberg, 
1944) The comparativeiy steady protein content of mature leaves is 
therefore attributed to a djmamic cquihbnum botueen synthesis and 
breakdoum, as suggested by Borodin (187C). In Esc^erirhia colt 
synthesis of the adaptive enzymo fi galaclosidase ond other proteins is 
stated (Manson, 1053; Jlonod & Cohn, 2053, Hogness, Cohn, & Monod, 
1955) to be essentially irreversible. Nitrogen in protein and ribonucleic 
acid in the yeast Tontlopsis vlilis appears to be permanently removed 
from generk metabolism (Cbaycn, Chayen, & Roberts, 1D50). Such 
results suggest that protein turnover may be rcrj*sJow, at least in micro- 
organisms. Data against this view have, ho^rever, been tvporte<] 
(Steinberg. Vaughan, & Anfinsen, 195G; Borck, Ponticorvo, Rittcn- 
berg 1958). Protein turnover seems veil cstablislKKl in non-growing 
micii-organisrus Intense protein lynthcsis may mask hreakdoim in 
growing cultures, making turnover hard to delect. The position m 
higher plants is obscure and needs inoro study. 

■"" Ganlncr (1844) studied the effects of light of different colours on the 
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e TmcWn, Gnmimkaya, & PlyshevEfcaja (19 d3) 

Vortonrootedleaves suggests that 

leaves mar he profoundly affected by raw materials or hormonw 
l“mm other parts of the plant The ^eets of 
development on protein synthesis in plan^ ? 'iMn 

1940; IValkley, 1940; Ali-Zade, 1941; Waltley A. 
consistent rvith such effects, hut no precise mechanisms can he p 
Kinetin (O-furfurylaminopurine) may be one ^ 

hv leaves (Pdehmond A Lang. W.ll). Applied to smaU ar^ f 
leaves (A'icotiana reetiM), it cau-ses a local accumulation of 
nitro'^enous compounds, often accompanied by synthesis of ’ 

nucleic acids, and protein (ilolhes, Engelbrecht, & Kulayera 19aJ - 
Detached fruits of apple (Hulme, 1930, 1948; Turner. ^ 

pear (Kidd, AYest, GrifEths. k Potter, 1940; 'Ulrich, 19ol) dxUer 
markedly from leaves in shotnng a net protein sjTithests, even at t e 
low temperatures used in cool storage. These fniits have, on a ™ ' 
weight basis, a much lower nitrogen content than leaves; a large ^ 
(often more than half) of their nitrogen is in soluble compounds. The 
respiration rate of detached apples shows a characteristic rise at a 
stage, long after cessation of active growth, knemn as the ‘cliroactenc 
(Kidd feWest, 1925). This rise of respiration is associated with synthesis 
of protein from soluble precursors (Holme, 1948; 19o4<2, &; Turner, 
1949; Pearson k P»obcit5on, 1953). A metabolic connexion between the 
increased respiration and the increased protein content seems clear. 
Pobertson k Turner (1951) suggested that increased protein synthesis 
might incrca-*^ the content of phosphate acceptors, thus removing 
phosphate groups more rajndly from respiratory intermediates and 
increasing the respiration rate. This view was supported (Pearson k 
Pobertson, 1952) by the effect of 2,4-dimtrophenol (DXP) on cut tissue 
taken from apple fruits l>efore and after the climacteric stage. DKP. 
which uncouples oxidation and ph«Kphorylation, markedly stimulated 
the respiration (measured by oxygen uptake) of pre-climacteric fruits. 
As the fruit parsed through the climacteric phase the effect of DKP 
l>ccaine steadily 10 ®-^, and was almost completelv absent in post* 
climacteric fruit. 

The phyriologj- of fleshy fruits has been studied mainly because of 
the economic importance of thrir storage behaviour. Their low content 
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of nitrogenous substances tends to make them mconvement material 
for the study of nitrogen metabolism They do horrerer raise interest 
mg problems regarding the processes controlling protein synthesis and 
breakdown and in some respects their slow metabolic tempo may be 
an advantage m analysing the sequence of events 



CHAPTER 12 


ALKALOIDS 


A. Definition 

Alkaloids are bases containing one or more nitrogen atoms, usually 
in a heterocyclic ring. Many have profound physiological effects on 
animals. The great majority occur in flowering plants; a few are kno^^'n 
in other groups and in animals. Antibiotics from fungi and bacteria 
include alkaloids, some chemically xery distinct from those of higher 
plants. There is no clear boundary between alkaloids and other plant 
bases, particularly the more complex amines. The amines are simpler in 
structure and somewhat more directly related to amino-acids than are 
the all^lolds. Some alkaloids are chemically, and probably also meta- 
bolically, closer to sterols or terpenes than to amino-acids. The alkaloids 
arc metabolically and structurally heterogeneous; the name, however, 
is long established, being used in the variant 'alcalinoide* by Bonastre 
(1824), and is still useful as there is rarely any doubt whether it applies 
to a particular compound. 

B. General 

An enormous literature exists on the chemistry of alkaloids, and on 
their physiological effects in the animal body. The plants in which 
they occur attracted early attention, and even among primitive 
peoples their powerful physiological effects were used to prepare 
both poisons and remedies for disease. Until recent years the plants 
examined for alkaloids were traditional sources of drugs or poisons. 
The alkaloid resources of various floras are now receiving more syste- 
matic study; interest is still largely concentrated on families and genera 
long recognized as alkaloidal. Traditional alkaloids important in modem 
medicine include atropine, caffeine, cocaine, codeine, emetine, ephe- 
dnne, ergometrine, morphine, and quinine. Some new alkaloids have 
attained medical prominence; those of curare, an arrow poison produced 
by primitive tribes in South America, form a good example. Great 
interest vas aroused by the discovery (iliiller, Schlittler, & Bein, 1952) 
of strong h;^tensive and sedative properties in reserpine, found in 
several species of Rauicolfia and also (Crow & Greet, 1955) in another 
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member of the Apocynaccae, cofis^ncfo The root of ^aHuo?fin 

serpentina a traditional drug in Indian and Burmese medicine iras 
shonn to contain alkaloids by Eijkman (2SS7) but had no application 
in Western medicine until 1952 Since that date a flood of publications 
indicates the intense interest now taken m alkaloids of Mawcolfia and 
related genera The results of this work are complex, many species are 
involved some containing numerous alkaloids Muller (1957) identified 
21 alkaloids in j5 ligustnna and detected several more Alkaloid studies 
m Bauwolfia (and in the Apocynaceae generally) are ivell summarized 
bj Bisset (1058) Several plants m this family have been sliouni to 
possess valuable pharmacological properties previously unrecognized 
The seeds of Ptcralma nthda contain numerous alkaloids, two com 
ponents akuammine and akuammidine are very effective local anacs 
thetics (Raymond Hamet, 1951) The alkaloids jn the bark oS Ilnnteria 
eburnea have a powerful and prolonged hypotensive action (Rajunond 
Hamet, 1054) Both these species are native to West and Central 
Africa 

The investigation of alkaloids still very active m spite of intensive 
work over the last 150 years, is likely to remain an important brancJi 
of chemistry Even m known alkaloidal families, many species are still 
untouched chemically Other families also liave scattered alkaloidal 
members which are more likely to be overlooked Systematic studies 
of complete floras to identify their resources m alkaloids and other 
cliemical groups have begun in some countries, eg Australia (Webb, 
1952) andU S S R (Sokolov, 1057) Thesesurvejshovealrcadj brought 
to light many new alkaloids, some diffenng considerably m structure 
from any previously knowm Improved methods of separating alkaloids 
particularly by chromatography, have also revealed the prcsenco m 
plants that have long been studied of numerous unsuspected minor 
alkaloids often but not always structurally related to the mam 
alkaloids 

KnowTi alkaloidal plants belong, m round mirabers to 100 families 
500 genera and 1,200 species About 1,000 alkaloids are known, 400 
being fully described chenucaliy (Willaman i. Schubert, 1055) Partly 
described alkaloids ore much more numerous Many names of alka 
loids now existing in the chemical literature will certainly bo reduced 
to synonyuny when the compounds involved are more thoroughly 
investigated So many new alkaloids have been desenbed »n 
■years that any apparent reduction m the number of named alkaloids 

seems certain to bo more than compensated by new discoveries Unknown 
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alkaloitlal plants and alkaloids must be numerous, but no estimate of 
their possible numbers can now bo made. 

C. Historical 

Sertueraer (180G), an apothecary in the small town of Einbeck in 
Hanover, isolated morphine, tho first alkaloid to bo isolated an 
characterized, from opium (the dried latex from unripe fruits of 
Papater somniferum). Serteumcr (1806, 1817) described the alkaloid, 
which he named ‘morphium’, as capable of forming salts, and com- 
pared its chemical nature to that of ammonia. Earlier workers on the 
chemistry of opium probably obtained morphine more or less mixed 
%rith other substances, but described it less clearly. Following this 
discovery, a series of alkaloids was isolated in the next decade, largely 
by French chemists. Robiquet (1817) showed that opium contained a 
second distinct alkaloid, narcotinc. Felletier & Magendie (1817) 
isolated a base which they named emetine from the rhizome of Uragoga 
ipecacuanha, a South American drug investigated earlier by Henry 
(1800). Pelletier & Caventou (1810) isolated strychnine from several 
species of Strychnos’, soon aftenvards (Pelletier & Caventou, 18206) they 
isolated quinine and cinchonine from cinchona bark; they considered 
the alkaloids to occur as salts of quinic acid, isolated earlier as its 
calcium salt from the bark of several species of Cinchona (Vauquelin, 
1806). Quinine, cinchonine, and quinic acid were further studied by 
Henry & Plisson (1827). Cytisine was found in Laburnum vulgare by 
Chevalier & Lassaigne (1818). 

Meissner (1819) and Pelletier & Caventou (1820o) isolated veratrine 
from the seeds of species of Veralrum. Desfosses (1820, 1821) found the 
first sterol alkaloid, which he named solanine, in berries of Solanum 
nigrum. He looked for it also in fruits of potato (S. tuberosum) hut 
without success. Desfosses remarked that his base resembled cholesterol 
very closely. Tliis surprisingly accurate statement was probably n 
lucky guess, for at that time the structures of solanine and of cholesterol 
were equally unknown. 

Nicotine also was recognized early. Vauquelin (1809a) obtained 
from tobacco leaves (Vicoftana tabacum) an acrid, volatile, colourless, 
highly toxic liqmd soluble in water and m alcohol, which he did not 
name though ho rightly considered it to difier from all others then known 
in the plant kingdom. This preparation clearly consisted largely of 
nictotine; the base was isolated, named, and described by Posselt & 
Rcimann (1828). Nicotine was further studied by Henry & Boutron- 
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Charlard {IS30); iSIeJscna (ISIS) detected it in tobacco smoke; Barral 
(1847) gave tho correct empirical formula. 

Tho atropine group of alkaloids, fromj/ropa, Datura, Bijoscyamus, 
and other genera of tho Solaiiaccae, was also studied about this time. 
Vauqueliu (18096) obtained from Atropa belladonna a substance 
precipitated by tannin, soluble in ethyl alcohol and yielding ammonia 
on pyrol^’sis. This uas presumably a crude preparation of atropine. 
Kungo (1824) named the base, which was further studied by Brandea 
(1832). Tho first reasonably pure preparations were probably obtained 
by Geiger & Hesso (1833a, 6) and by Mein (2833). Tho correct empirical 
formula was given by Liebig (1833). Geiger (1833) described hyoscy- 
amine, another alkaloid of this group; in the same paper he described 
colcliicino from Colohicum and aconitine from Aconitum. Pelletier & 
Caventou (1820a) had isolated colchicine earlier but supposed it to be 
identical with veratriuo. Geiger (1331) isolated coniine, the very poison- 
ous volatile alkaloid of hemlock [Conium macuhtum). 

Isolation of the active materials of drug and poison plants thus 
provided a long scries of new and well-defined substances for chemical 
study, Analysis and structural investigations began at once, though the 
latter developed slowly owing to the comple.t problems involved and 
the primitive state of orgauto chemistiy. Dumas & Pelletier (1823), 
ill a paper forming an important landmark in alkaloid chemistry, gave 
analyses of nine well-characterized bases (brucine, caffeine, cinchonine, 
emetine, morjiluue, narcotinc, quinine, strychnine, and veratrino). 
These alkaloids were comparatively easy to isolate; determination of 
their structures has occupied some of the greatest organic chemists 
for over a hundred years, and some points are still not settled. Elucida- 
tion of alkaloid structures has provided some of the greatest difBculties 
and triumphs of organic chemistiy; tho molecules are not particularly 
largo, but some alkaloids with twenty or thirty carbon atoms are 
structurally very complicated. 

Liebig (1831) and Kegnault (1838) applied new and more accurate 
analytical methods to determine tho composition of alkaloids and of 
numerous salts pi-epared from them. These chemists, and also JIatteucci 
(1833), put forward tho idea that alkaloid structures were based on 
substituted ammom'a molecules. This concept was furthered by the 
brilliant work of Wurtz (1850) and Hofmann (1850) on the constitution 
of organic primary, secondary, and tertiary amines, rec^mtion 
(Gerliardt 1842) of the comparatively ample base quinoline (CjHjH) 
as a breakdo™ product, and therefore a putative structural component. 
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of nuinino was an important dovclopment. Tho discovery (Anderson, 
1851) of pyiidino among tho products of destructive distillation ot 
bones also iniluenccd alkaloid chemistry, as pyridine may be considcrca 
tho mother substance of a whole group of alkaloids. In spite of all 1 1 
painstaking, competent, and sometimes bnlliant work it was long 
before tho structure of an alkaloid was established and coiillmio y 
synthesis; tho feat was first accomplished for coniine (Sohiff, ISItfi 
Ladenburg, 1889). 


D. Distribution of alkaloidal species in the plant kingdom 

Alkaloidal iilants are scattered erratically through tho plant 
kingdom. They appear to ho rare or absent among algae, whoso 
chemistry is, however, still very incompletely known. Fungi, lichens, 
and bacteria (particularly actinomycetes) include alkaloidal species. 



some of tlio antibiotics brought into medical uso in recent years are 
true alkaloids, e g. chloromycetiii (chloramphenicol) from Streplomyces 
\.cnczuclQe (Fig. 01). Jaconinc, an alkaloid from Smtcio jacdbaca 
(Compositao), also contains chlorine (Bradbury & Culvcnor, 1954). The 
alkaloids of ergot (C/aiiccjw purpurea, a fungal parasite of grasses) 
ha\ e long been noted both for their clinical value and for tho complexity 
of their structure. ,<Va an example, wo may mention ergotamine (Fig. 02), 
in w hith a nucleus formed by tho fusion of indolo and isoqumolino rings 
is joined to a cyclic polyi>cptido (Stoll, Hofmann, Sa Becker, 1944; 
Stoll Hofmann, 1050) of tho typo suggested by Wrincli (1937a, &) 
as a model for proteins, in which, however, it has not yet been found, 
'llie fenis, a numerous group of plants spread all over tho world, appear 
to lack alkaloids. Two smaller groups of vascular cryptogams, tho 
l>cfqKKU (Lycopodium spp ) and horsetails {Equiselum spp.), contaiii 
t'omplex alkaloids wliuso structures arc incompletely known (Jfansko 
Sc M.arion. 19 i2, Kiigster, Gnot, & Karrer, 1953). Few alkaloids aro 
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known from tho gvmnospcnns. Epliciriiii! (a-plicnjMo '• 

.V-methylaraino) was first isolatcl (Mior... ISaT) from 1 In- traditional 
Chimao drag ma huang, a produa of wttcral of 

(Gnetaccae). Tho yew (Tflxaa loreoH) rot, tarns cphclnr.e ((.uUand i 
Virden, 1931). known also from .setcral tlowcnng pUnl. nirlmlm.- 
Itocmcria rr/rocte (I'apavcraccae) (Konovalova , ^ ; 

1939). Tho yew has a further alkaloid, laatne, of mote ; : 

that, ephedrine (Mant.e, IhVO; Amato A Caplv.r.-lh, l.sso. Ulloa. 





Oofiaml. A Vinlrn. 1931). ^.ir ^ 

r. (<aTri«i~. iTalhov , , f,, (..a'-o., v ; 

.\monslhea'Vn»l'v ‘ , 1 ,KUrt>|. ally 

„l„«.tv,..st.F;;7‘"-f UL.,rav. ll-.a....- o. - 

i„. loJc Attuoh--^ ; ran. 1-- h‘.' • *•“ ; " 

UuU.vav. ai..l . ^ •9. ^ 

(Paluiav). Is. ;,i...a.»Va.lia'iaat ' 
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but lately Euesian workers have isolated and studied a largo number of 
alkaloids from the genera Ambems, Arlhmphylum, Girgemohma, 
Ilaloslachja, Petroaimonia, and SataoUi. 

Some alkaloids occur in several species widely separated systemati- 
cally, others arc known only from a single species or genus. Some 



NCHj 


RIcinine 
Fio. 03. 


alkaloids of siinplo structuro have a very restricted known distribution, 
o.g. ricinino (Fig. 03) from Jlidnus communis, damascenino (Fig. 64) 
from NigcUa damascena, and salsolino (Fig. 05) from the genus Salsola. 
The apparently restricted occurrence of these simple compounds is 
surprising, especially os they are closely related to common metabolites, 



eg. damasicnino to 3-hydroxyanthranilic acid, a breakdown product 
of tr>*ploplmn. Morphine (Fig CO), long known only from Papaier 
somni/crum, has been detected in P scligerwn (Klcinsthmidt, 1058). 
Othir alkaloids of the inorjdiino typo occur in Papaicr, and also in 
acutum and S. Jitcrsi/olium (ilenispcrmaccao) (Holmes, 
105’), Ilauuol/ut sfrpetiUna (Apocj naccao) (Hofmann, 1951) and 
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kn05ra only from two genera of Fumariaceae, c ry 

(JIanske, 1940, 1950). 



Morphine 
Fio. 68. 


, ,, cenus ATcoliaiw; met of “ 

Nicotine occurs without the discoverj- of any 

■eoies have been cjaramcd clicm y ^ to the oniy genus 

'S the alhalehl. t.^Sence in Cen-.s «hra 

, produce nicotine, hopmodii (Petit. 18'»> 

’tcobrazhenski. j ^ted by these n orkcra as idcnti ica loi 

jncraUy disregarded, me 
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o£ nicotine were not completely convincing by modern stalldar s, 
moreover, the hashish analysed by Preobrazhenshl (1870), though no 
doubt prepared mamly from Cannabis, may have contained tobacco, 
which 13 sometimes added to the drug Xicotmc seems not to have been 
reported again m Cannabis, its presence in Duboisia hopuoodii is amp y 
confirmed (Rothera, 1910, Bottomley, Nottle, &, White, 1945, Trautiier 
b, Xeufeld, 1946), though it is replaced by iioniicotiiie in some samylles 
of this species (Hicks &, Be Measuner, 1935, Spath, Hicks, B Zajic, 
1935, Hicks L Sinclair, 1947) 

ilore recent work lias clearly shown that nicotine is not restnete 
to any narrow systematic group In the family Solanaceae, to which 
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A’lcoJiaiuj and Duboisia belong traces of mcotme occur piothes, 1953, 
Wahl, 1952) in 6e\eral species of Alropa, Datura, and Solanum, it 
occurs in some samples of Dubotsia myoporoxdes (Hills, Bottomlej. ^ 
Mortimer, 1933, ilortimer Wilkinson, 1957) and m WithantasomniJ^’t^^ 
(Majumdar, 1955) Nicotine, noiv known from two genera of vascular 
crjptogams {Equisdum 2klanskc L Manon 1942, Karrer, Eugoter, 
Patel, 1919, Eugbler, Gnot A. Karrer 1953 and Lycopodium ilanske 
A, Manon, 1942), is not reported m ferns gjmnosperms, or mono 
cotjlc“dona, but occum in several unrelated families scattered through 
the dicotyledons Nicotine coiitaimng species mclude ,i\sclepiadaceae 
Aschpxas eynaca (ilanon 1039) Compoaitae Echpta alba (Pal & 
Narasimhain, 1943) Zinnia lUgans (Schroter, 1955), Crassulaccae 
•So/uni acre (ilanon 1945) Sempcrrirum arachnoideum (Pans 
Fn„ot, 1959), Lcgummosac Jluatna prunens (ilajuradar A Paul, 
195^4) In most of thcs^j aiweies mcotinc is a minor component, apart 
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from some species of Nkoliana, it is a major alkaloid only in Zinnia 
ekqans and in some samples of Duhoisia hopieoodn and D. myopomdes, 
in the last two species the closely related bases nornicotme and ana- 
basine may replace it. Anahasine occurs in species of ificofmaa. usually 

L : minor'alkLid. It is the major alkaloid of the 

Anabasis (Chenopodiaceae) (Orekhov & Menshikov, 1031) (Fig. 67). 
^^0^0 ome supposed to be restricted to a single genus, is now known 
frorrinv unrelated plants. This change suggests that any coii- 
urionTbrsed on the Lown distrihutiou of alkaloids among plant 



secies must be regarded as ^6 different families am, like 

ikaloids. Some alkaloids cccum g 0,|.er more comp el 

icotine, of comparatively “"P “ (Fig. OS) is rc^rd^ 

Ikaloids are also „ ,ng. 00) (not to bo eoiifuscd uit i 

-om several families. B>'‘>“""°.fi,,froiiwYcrioiidru(Luuraccao), 
erberine), another coniple.v fpUsa,«pdos. 

Suxus (Bm-raceae), and sove ® 2343; Schollz. ISM, Hi g. 

nioaync) of Menispermaoeao (JIa S 1050). Quinuhne, loiifc 

OMIO 0; Aiiet, F. A. L., * ^fof Ci«do-.u (llubiamae) is 

only from South from Ihc bark of inui. |U 

inrolated to Bubiaccao. 
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The three species of Duhoisia (Solanaecae), provide an interesting 
example of variability of alkaloids rrithin a genus “ 

individual species. D. hopwoodii grorrs m and areas of central Aus‘'“ “• 
Its alkaloid! resemble those of the 8™'“.'’^’"'“."“' 

main alkaloid in some samples and normcetme ™ 

Kettle, ^ White, “rSve^ltS:^ 

along most of the east coMto A^^^^^^^^ considerably at 

Even withm a single tre predominates in D. myopo- 

different times, but in general s !><> |,,.eseyamino in the southern 

roides in the northern part of dsmng^ 

part. The boundary beta ^n th^ W Hyoscyamine is the mam 
by the toivn of 7 rt, rioted area in south-east 

alkaloid of D. kidihardlii, w i y„„stant alkaloidal composition 

Queensland. Some “^lontiy. Some trees of both 

over the year; m others ! . f ^tcopino and norhyoseynmme, 

species contain 0 PP«ei»We amount ^ These data are 

tigloidino and valeroidme a so Trautner, ii EodncI , 

due mainly to HiUs ^ .947; Hills, Hottomley, i 

1046a, 6; Hills & Kodivell, ® „„tcd variability in the alkaloids 

Mortimer, 1934). Earlier J^je„b„rg (ISSO) nho found only 

“ Unhoisia. Scl.-ifM'fO,;""'": and hyoschie m ^6oism 
hyoscyamine, ^'^,‘'"‘1,''°! t! u-” of the alkalmds m D. 

leaves. Petrie ‘’"f„,l„.oscj-aniioo in D. IdMarilo. 

myoporoida, and recorded n ' » ^ ,„,ya from leaves and taig 

Van Mueller & ^t pmsan.aUy Austra ian ongm a 

Buhoisia myoporotdes o m' J considered to he ^ , 

volatile alkaloid rcsembhng m^ „.,l. other loW.ie 

I Their material may haio to" - „lkalonH m 1>. 

MuLds. This early ^ :1 iittie attention, hut - W 

contains scoH“'"^' “„stralian f';"^ aTlltoine, and 

granatnm) (Tanret, !»■») 
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1958). The varied physiological forms of this species thus form a wde 
range of alkaloids in the tropane and pyridyl series. 

E. Alkaloids in the animal kingdom 

The few compounds of animal origin which can be classed as 
alkaloids stand in contrast to the vast number knorni from plants. 
Bufotenine (o-hydroxyindolyl*ethyldimethylamine) was first charac- 
terized by Wieland, Konz, & Mittasch (1934), who isolated it from the 
poisonous skin secretions of Bujo communis and other toads. Later jt 
was found in Amanita mappa and other higher fungi (Wieland & Motzel, 
1953), and in the seeds of Piptadenia peregrina (Legurainosae), where it 
forms almost 1 per cent of the dry weight (Stromberg, 1954). This plant 
was used as a ceremonial narcotic snuff in Haiti when Europeans first 
arrived there late in the fifteenth century. The poisonous secretion of 
the European salamanders Salamandra maculosa and S. atra contains 
an alkaloid saraandarine (Zalcski, 1866; Scbhpf & Braun, 1934; 
Schttpf & Koch, 1942; SchOpf, BlOdom, Klein, & Seitz, 1950). Its 
structure, not fully determined, is more complicated than that of 
bufotenine and contains the oxazolidino ring, not kno\ni from miy 
other natural product. 

F. Localization of alkaloids in the plant 

^lost of the information available on Ibis subject comes from 
microcheniical studies using a wide range of reagents to detect alkaloids 
in plant tissues. Schaarschmidt (1884), an early worker in this field, 
studied the distribution of solanine in species of Solaiium. Votchal 
(ISS7, 1888, 18S9) worked on the same alkaloid In Solanuni tuberosutJi 
and S. duJcxiviara. It may be mentioned that the name of this author is 
spelt as gU'cn above when transliterated from the Cyrillic script by the 
inethcKl now current. Several variants (Woczal, Wotschal, Wotschall, 
Wothtbchall) appear on his papers and in references to them. His 
studies w cro verj' thorough and he gave, especially in his Russian papers, 
much information on earlier work ^v^th solanine. About the same time 
a Belgian group Iwgan a long study (Errera, Maistriau, & Clautriau, 
1SS7, Clautriau, 1SS9, 1894;Mollc, 1895; and many other publications) 
on the diatribulion of alkaloids within the plant, ilanv species were 
hiuOicd, ilollc (1895) including in his work on the Solanaccao Alropa 
l<Uadon7ia, lirunfclsia amtneana. Datura slrainontuin, JItjoscyamus 
nojer, Aicundm phy^aloidfj, yicotiana tabacum, Petunia vxolacca, 
VhjiaUa alktUngx. l^alpygloais ainuata, Scopolia japonica, Solanuvi 
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iuhamara, and S. tuUrosu,n. The n^ulta of ‘to^^n^^igatio^ 

erfended by later workers (e.g. Klein & Sonnledner 9 0 Chare, ^ 

1929; James, 1946a), f-^“^”“;;w:,„ehemical methods 

distribution of total alkaloid evithm a t^.ne 

In most species alkaloids are 

growing tissues. In i„g organs of older plants; its 

actively in young plants and i P . (Bocdashev^kaya, 

synthesis seems to be confii^ o S™ juainly in the mcristematic 
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vacuoles of storage tissue (James. b accumulates in dead 

in these species am " ‘^Irto- early in germination 
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(Molle, 1895; James, 10405). „op, who also recorded 

other species of Solanaceae _ J (including the sced-coat) 

a complete absence of alkaloid fro ^ alldwiii. 

in mcciiana labacum, Papan S. (akrosnm contain icrj 

Seeds of Solomimdnlronto™"^ J • ^hundaiit in tho uiiripo 

little solanine (Votehal, ‘f>^*7„t»^Valru,nsaWito(h-rf«;»- 
fniits. In some species, e.g. „„ (Jobst t Hesse, 1SC4), 

enulon o#ci,iale), in other parts of the plaiiL 

alkaloids accumulate more m „icotine, uliicli ‘baald j 

Unripe seeds of Nicofam ^,ica. houover, the niroli le 

rUkaloids are usuallj rcro 1“^““ ", :1 ...vc include 

tissues. Later they ™ retaining alkaloids In'inola the 
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the root bark. Root bark «. t (Orntterjeo. 
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dmnlsitcd mainly 111 dead celts 
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in Cinclwna calisaya, C. Icdgeriana, and C. succinibra alkaloids were 
absent from young mcristeraatic parts but accumulated in the bark. 

Some changes in alkaloid type between different parts of the plant 
have been recorded. CromweU (1956) found that in young leaves and 
other vegetative tissues of ConiuiJi macululum the main alkaloid was 
y-comceine; in flowers and young fruits this base W’as replaced by 
coniine and ^-mcthylconiine, the latter predominating in mature 
fruits. Colchicum speciosuni contains, besides colchicine, another 
alkaloid colchicerine (Beer, 1049). Old bulbs in autumn contain only 
colchiccnne, and young bulbs during the period of active growth in 
spring contain only colchicine. The change-over from colchicine to 
colchicerine begins at the start of seed-ripening and is complete when 
the bulbs enter the annual dormant period in late summer (Karapetyan, 
1050). 

G. The site of alkaloid formation in the plant 

In early physiological studies of the formation of alkaloids it was 
often assumed that they were produced in the leaves, which seemed 
fitted for this role, being metaboUcally very active organs and in many 
species having a high alkaloid content. It has since been realized that 
the roots are also active metaboUcally, and that alkaloids are not 
necessarily formed at the sites where they accumulate. These general 
ideas are consistent with alkaloid formation in roots, for which there is 
also more specific and in some cases conclusive evidence. 

iluch of tlxis evidence is derived from grafting experiments. The 
use of this techmque in alkaloid investigations goes back to Strasburger 
(1885); other pioneers in the field were Grafe & Linsbauer (1906), 
Mejer 8c Schmidt (1907), and Javillier (1910). The species used were 
generally members of the Solanaceae, and many intergeneric grafts 
were tried with varying degrees of success. The general belief that 
alkaloids were formed in the shoot led to the use of scions from alkaloidal 
species on alkaloid-free stocks TIio expected transfer of alkaloids ffoni 
scion to stock w as rarely observed. Both stock and scion often had little 
alkaloid. These inconclusive expenments were also affected by metabolic 
interactions between stock and scion. Such interactions are not clearly 
understood, but their existence is shown by much empincal observation 
with fruit trees, and turned to advantage in selecting stocks for specific 
purposes, e g to duarf the scion. 

^ More recent studies have shown that in many Solanaceae the root 
IS the mam scat of alkaloid formation. Many workers made grafts in 
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which alkaloids characteristic of the stock appeared m the scion. In 
ZL grafted on a tomato stock, for instance the ^oion .s free of 
mydriatic alkaloids, but in the reciprocal graft they ° ' 

grifted on an Alropa stock. Similar result with 

Lck and scion established that in Nicolmm species . nd the mj dnat.c 
Solanaceao the stock detemmra t e a^-^ included Daniel & 

grafted plant. Workers eontnbn^^ t ^ ^ B„„,,dina (1030), 

Potel (1026), Hasegawa (193p. bhmu Hieke (1042), Mollies & 

Kerkls&Pigulev8kaya(1941),Dawso ( )• & Rodivcll (10456), 

Hieke (1043), Cromwdl 

Vincent & Dulucq-Mathou ( ). sjtje) on a tobacco stock. 

Schroter (1065) grafted * to cLtain appreciable amounts 

This speciesis the only compos.tek„oimto»nta.OT 

of nicotine, and this Xo aLm (Pcrcot, 1023) as a 

Bucoesa of the graft, ^ico la P Amarantus caudaius. The work on 
scion on the very different specto^™^ i„ 

grafted plants and its ‘“P" Ilyin (10«). -d 

the plant have been summanzea y 

Mothes (1955). ,„in, oormaUy contained in their species 

Leaves free from the alkalo species. Alkaloids 

can be obtained from scions mots. This was shown 

appear in these leaves if they are ' ^ tabamm grafted to 

by Ilyin (1048) ivith ^g, „ith leaves of iVicoliaiia sylresms 

tomato stocks, and by Lashnk(lW8) 

grown in the same way Lasl^ each time of 

different atag- feirootog rldSadii; 


£^Js;:;s after -^8 - ;i;avcs at mcm^g 

sampling analysed separately fou P Nicotine accumulated steadily 


littlonormcotinowasfo awards tlio tip 

but it accumulated in lag ..icotino formed 

results suggest that in m pmlominalo in 

translocated to ‘in' ; ,lds species is sU [f„,,,clieiireuter- 

Demctliylationof mcotinem i, 

sgmg tissues (Jlothes. Engel 
Trclltz, 1957). 
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Nonucotme occurs together with nicotine m the roots of sever 
species of Nicoliana Its presence m the root does not exc u 
possibdity that It IS formed only rn the shoot, and transported don n 
wards to the root Excised roots cultivated m stenle conditions (Schrdter 
i, EnKclbrecht, 1957), can. however, produce nomicotme, together wi 
nicotine and anahasine. in Nicotiana alata, N glaum, N panic.ula.la, 

A’ riislico.andrV syhcilris SchrOtcr ( 1957 ) infiltrated nicotine labellea 

\vit\i into detached leaves and shoots of N glauca, some nico me 
w as conv erted to nomicotme but more to anabasme In grafting espen 
raents Pynki L Muller (1057) also found evidence for the production 
of nomicotme m the roots of several NxcoliaTia species Kuzin 
Merenova (l9o2) showed that in leaves of tobacco supphed in the dar 
w ith labelled carbon dioxide, the pyndine methyl group of mcotme 

contained C^*, transmethylation must therefore occur in the leaves 
Some workere (Dawson, 1942a, Dyin, 1948, Mashkovtsev A Sirotenko, 
1931) found small amounts of nicotine m leaves of iVicohano scions on 
tomato stocks This maj- bo due to traces of nicotine formed normally 
m tomato (Wahl, 1952) Solt (1957), however, demonstrated a limited 
sjnthesis of meotme from tritium labelled mcotimc acid in the shoot of 
Aicobana iahacvLvi 

Isolated roots m stenle media can also form alkaloids Since roots 
cultured in this w ay hav e no connexion vnth a shoot system, the> require 
an energy source, and usually also essential growth factors, which the 
t>hoot supplies to the root m the intact plant Alkaloid synthesis by 
isolated roots occurs m NtcoUana (Dawson, 19426), Datura (Peacock 
Lejerle A Dawson, 1944, Sticnstra, 1954), Byoacyamus (Telle A 
Gautheret, 1947), and Alropa (Remouts van Haga, 1957) The presence 
of substantial amounts of alkaloids m the bleeding sap of decapitated 
plants prov ides further cv idcncc for their synthesis m the root (Daw son, 
1012a, Ilickc, 1942, Reuter, 1950) Direct histochenucal observations 
show that alkaloids appear in >oung roots formed by alkaloid free 
cmbr>os (Chaze, 1932, James, 19406, Schmid A Serrano, 1948, Fardy, 
Cuztn, A Schwartz, 1053) Nicotine synthesis appears to be confined 
to actuelv growing roots Rooted leaics of Aicotiana rustica great!} 


mcixa.so thtir nicotine content if the roots are repeatedly cut back to 
Etinuilato mtnsltmatic acti\it> (Mothes Engelbrccht, TfechOpc, & 
Hutothenreuttr TrefTtz 1957) Roron dcficicnc} causes excessive 
branching of roots in A tabacum producing a much larger proportion 
of }oung root tissue than m normal plants The mcotme content of 
boron dcticicnt plants is very high up to four times that of control 
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plants on a dry-weight basis. This increased production ot mcotme may 
reasonably be attributed to the greater amount of menstemat.c 

‘‘ThfrootSen! hi not always, the main she 

Reciprocal grafting “clTo^^^^^ 

Solanum demissum the soion TA . p t^o(.henko, Ilyin, Baranova, 

alkaloidsandtheirglycosides(Proko3hev,Pe^^^^^^^^^ 

. Lebedeva, 1052; 

glauca both root and shoot seem 

(Shmuk, Kostov, & Borozduia, 19 , fonnation of alkaloids in 

Leote, lOSSa). There is also 1033) and of Conium 

the shoots of Berber, s darmm, appears to be 

maculatum (Cromwell. 1956). l()58&),andephedrin0mtliat 

formed in the shoot of CaliacduhslLc . YamazaW, W57). James 

of Ephedra dktoAya (SWtata, young 

(1949) found slight increases m the sucrose and argimne or 

leaves of ^Iropa belMonm supphed with sucre 

omitbine. 

H. The metabolic relations of metabolism of the plants 

The importance of alkaloids to j varying from one species 

that form them is far from is Lociated with ac 

to another. In many spcc.es ^““icd to them. The elaborate 

lively growing regions, different organs and 

patterns of alkaloid distnbation ■ ^ indication of dimct 

Lggesl some metabolic sigmBcan^. lah .uost alkaloids, 

participation in meUbolized in 

There is evidence that alkaloids arc established 

formation in viva between ‘1^“' ‘ metabolic pr<>“i““- , 

is known a footnote to a ’'"““"‘jj^Cemrinating 

Boussingault (ISGS), ^„,voutthosuggcst.onlh t 8 

role ofasparagine in plants, ja.maaed hi ‘8 ,a 

potato sprouts ^100100 any «"ably 

chemistry of solaran . ^ tabolitoandBoussing . j of the 

asparagine,butitisauac ‘ve^ in much 

right in assuming that 1 potato spmu a jitcraturo 

pLto. Baup (1820) has a largo "„gl, 

Lre solanino 1^.1 ‘he tutam^ naftcrstora'gc 

aa it causes to.vici y m f‘““i„[ubcrs becoming green alt 

ignorance or stress of hungc , 
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in the light. The latter are the usual cause of outbreaks of poisoning, 
children have been poisoned by eating leaves, flowers, and unnpe 
fruits of potato. The fatal dose for man is 200 to 100 mg of solamne. 
These alkaloids have been studied as insecticides and as starting pom s 
for the synthesis of steroid hormones. 

Zwenger & Kind (1861) found solanine to be a glycoside and namea 
the alkaloidal aglycone solanidinc. Soltys & Wallenfels (1930) estab- 
lished its structural relation to the sterols, thus conarming the prescien 
remark of Desfosses (1821) that solanine closely resembled cholesterol. 
Tlie sterol skeleton occurs also in the veratrine group of alkaloids, foun 
in several species of liliaceae {Veratrum album, V. viride, Schoeno- 
cavlon ojficinah) (Craig & Jacobs, 1943a, b) and Apocynaceae {Funtumta 
africana, F. lalifolia, Holarrhena Jloribunda (Janot, Cave, & Goutarel, 
19G0; Janot, Qui, & Goutarel, 1960). Two less well-knowm alkaloids 
containing the sterol skeleton occur in Calotroph proeera (Asclepia- 
daceao), the active ingredient in an African aixotv poison. Each of these 
alkaloids has one atom of nitrogen and one of sulphur in the molecule* 
”\\hich probably contains a thiazolme ring (Hesse & Gampp, 1953; 
Hesse & Lettenbauer, 1957). 

It is now known (Kuhn & LOw*, 1055; Kuhn, LOw, & Trischmann, 
1955) tliat the solanine of earlier workers is a mixture of glycosides. 
Six glycoalkaloida containing solanidine were obtained from Solanuin 
tuberosum, and also from S. chacoense. Their constitutions are as 
follows: 

a-solanine: solanidine-galactose-glucose-rhamnose 

^-solanine: solanidine-galactose-glucose 

y*solanine: solanidinc-galactose 

a-chaconine: solanidinc-glucobe-rhamnose-rhamnose 
^•chaconine: solanidinc-glucose-rhamnose 
y-chaconine: solanidinc-glucosc 

Another triglj'coaide, solanidine-xylose-xylose-glucosc (solacauline), 
occurs in Solarium acauU according to Schreiber (1954); the botanical 
ideutiGcatlon of his matcnal has, however, been queried (Petrochenko, 
1957). The metabolism of individual glycoalkaloida in this series seems 
not to have been studied, though Pascshnichenko 5; Guseva (1956) 
have publuihed methods for their quantitative separation. Solanum 
tuUrosiiin contains more chacomne than solanine (Paseshnichenko, 
l'j.>*) Ihe enz>mdlic splitting of the glj coalkaloids into their aglycone 
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rohum) abo contain cloudy related steroidal saiiogcuini (Sato L 
Latham, 19a1, Schreiber,1957) These sapogenms aUo occur m genera. 
CK Dwscorm, not knonn to contain the corresponding 
formation of the alkaloids is mcrea-ced by the ultra -violet part o 
solar spectrum Plants grown under glass, winch absorbs much of t is 
radiation thus contain less steroidal alkaloid than tho«e gro\ni in ic 
conditions (Sander. 19oG, Schrcibcr. 1957). the content of the corve 
spending sapogenins is, houe\cr. higher under glass, suggesting tha 
they may share a common precursor witk the alkaloids Solamdine an 
its reduction product demissidine, the agljconc from the gljcoaika oi 
of SoZanitm dtmissum, are secondary amines, tomatidine, the agljcono 
of tomatme {Lycopemeum escuhnium and other species of Lycop^’^' 
5 icu 7 n), has a large part of the same carbon skeleton, but differs m being 
a tertiary amine with a heterocyclic nng of four carbon atoms and one 

OKj gen atom (Fig 70) Solanum anc«/ar« contains glj coalkaloids with 

aglyconcs structurally similar to lomatidinc (Kuhn L L6\v, 1955) 
Solamne, like many other alkaloids, is characteristic of metabohcally 
acti\e tissues Green sprouts grown m the light contain more than 
etiolated sprouts grown in the dark, but cv cn the latter ha> e more than 
the tuber Flower buds and young leaves contain much solamne, it is 
apparently metabohzed m aging flo'ners and lca\cs (Votchal, 1889, 
Kaumov, 1938, Arutyiinyan, 1940, Lampitt, Bushill, Eooke, 
Jackson, 1943, Wolf & Duggar, 1946) There is a marked increase in 
the solamne content of potato tubers that turn green through being 
kept m the light This increase is particularly marked v, ith y oung tubers 
(Gnebel, 1924, BOmer &, 3IaUis. 1924, Conner, 1937) The young 
jiotato plant has a high concentration of solamne, the concentration 
falls dunng the later stages of development, though the absolute amount 
X>er plant increases In the aging plant the total content of solamne 
probably decreases The concentration falls in the growing tuber by 
dilution rather than by an actual loss of alkaloid (Wolf Duggar, 
1940) Young fruits contain much solamne but it largely disappears 
dunng npening and the seeds contain very little (Votchal 1889) Tins 
contrasts with the position in lAiptnxts lultus where during the npemng 
penod the alkaloid content decreases considerably in the vegetative 
parts, concurrently with an increase in the seeds, to which alkaloid may 
be translocated (Sababtschka Jungermann, 1925) In Sarolhatnnus 
seopanus (broom). Mhose alkaloids resemble those of lupm. the 
vegetative parts and the young seeds contain sparteme, but in the np® 
seeds the oxidized compounds lupimne (Fig 71) and hydroxylupimne 
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i. Amnloids and their ,.e 

Auerbach & Wolffcnstem determtned the 

ay oxidizing it with hydroge P«o 
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ottlie product, uhich was then without known analogues among natural 
products. PolonOTski & Nitzbeig (1915) were probably the first to 
isolate from natural sources the rV-oxide of an alkaloid. They obtamed 
from seeds of Fhyaosixgma lenenomm an alkaloid which they named 
gencserine, and recognized as the Jlf-o.xide of eseruie, long Imoirn tom 
the same seeds. Tlie chemistry of alkaloid ^-oxides was discussed y 
Polonovski & Polonovski (1926); almost all the examples of this class 
of compound then Imown v.eT& synthetic, but many have since been 
isolated from natural sources. Species knoum to contain N-oxidea o 
alkaloids are Hsted by ^^eshkina (1957o). They aU belong to the famihes 
Boraginaccae, Compositae, and Leguminosae. The alkaloids found up 
to the present time as oxides in plants belong mostly to the pyrroli- 
zidinc series; eserino is an exception, its nucleus being formed by a 
benzene ring fused to two pyrrolidine rings. Oxides of 5*hydroxyindolyl- 
ethyldimethylanuno (bufotenine) and of A’^,.A^'dimethyltryptamine 
occur in Piptadenia peregrina together %yith the corresponding unoxi- 
dized compounds (Fish, Johnson, & Horiung, 1955). EpUupiuine, a 
quinolizino derivative, occurs mainly as .W^*oxidc in seeds of Lupinus 
variu3 (Crow & Riggs, 1955). 

.^•oxides of alkaloids arc also microbial products. PseudomoTUi^ 
pyocyanea excretes into culture solution a substance antagonizing the 
antibacterial action of dihydrostrcptomycin and containing (Cornforth 
& James, 1950) the .^’’•oxides of 2-n*heptyl-, 2-n-nonyl- and 2*n- 
undccyl-i-hydroxyquinoUnc. 

A high proportion of the total alkaloid may be present as A'-oxide, 
especially vith alkaloids of the pyrrolizidine group. Recognition of this 
fact has led to a considerable upward revision of the alkaloid content of 
some species, as the AT-oxidca are often missed by extraction procedures 
successful with reduced alkaloids. This is important in the assay of 
many w ecds containing pyrrolizidine alkaloids, which are liver poisons 
causing serious losses of stock. Plants containing much alkaloid as 
A^'oxido may be highly toxic though appearing almost alkaloid-frce 
with the usual extraction methods. A’-oxides of Senecio alkaloids are 


more palatable and hence more dangerous to stock than the corre- 
s^wnding reduced compounds (Schoental, 1955)..Vreshkina (1951, 19576) 
fahowc“d that in 5cnfCiO platyphylliis the bulk (80 to 90 per cent) of the 
total alkaloid was A 'Oxide, the only exception was in the roots during 
the dormant jHinod, when all the alkaloid was in the reduced form- 
When the plant, a jicreiunal herb, returns to acti\jty in the next 
growing season the alkaloid stored in the root in the reduced form U 
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■iromptly rc-oxWized. Iii Ildwlropium curopamm (Boragitiaceae) 
(Culvonor. Drummopd, & Price, n„d Ancc.o 

(Comnositao- formerly placed in ErcMiia) (Culvenor & Smitt, 1055) a 
erTlS the total alkaloid ia in 

iJkenfocr^ Warren <1051) Teldt from 

adnatu,, S. Iraclujpodus. S. 

these species wero greatly mcreas Michael 1957) and 

with ehlorcform In lapin^ S. W575) the sama’great excess 

Crolalnria apcc/afiiha (Culvenor & 'j the seeds- in other parts 

of oxidised over reduced alkaloid is than 

of the plant there is a substantia different 

half of the total alkaloid is reduced. Sc«b t 

samples show widely varying , , storage of AT-oxides in 

alkaloid as aV-oxide (Culvenor 5t t,o roots of 

these seeds contrasts gg-dsofthisspecies.bowover, 

Scnecioplalyphplhis (Areshkina. * ,,]r;oa (19576) showed that a 

contain alkaloid mainly as Wo* • . reduced alkaloid if- 

hoinogonato of the rootstock • P alcohol as hydrogen 

oxides when supplied with ^“^oorbl acid. The relation of 

donors; no reduction was “’’f" metabolic processes is not yet 

these reversible o!=i<*“-''®f“°“.““„v„rtion probably occurs in herfock 

clear. A similar reversible oxido-reducrio P & 

(Coniun. maculatm,) between ycomceine 
Challen, 1950). ^ 

J. Alkaloids during the ‘'®''‘'‘”‘””“'j'aIop4 pl“‘® have been 
Changes in the LlanaceL forming “'“o* °[ 

followed mainly with membore j^^alta vary i 

the tropane (mydriatic) ^^are poor in 

but show a general The total c“teX 

formed by the seedling early m go stages of deve p 

of the plant flowering, and then 

reaches a maximum abou iQgses by leaf-falh . j^pening 

decrease may be in part due substances, especja y ^ j. 

atransformationofalkalmdt^o^-^^^^^ 


1 transformation oi ^ „„««« in the 

seeds. This general P‘“‘“.™ labacum), 

of senescence, when i Vlidescu (193Sc) ( fScopolia 

results of many “‘hors, e.g. Shpilenya intent 

luillon (1950) (M“«‘‘~“Sowrf the changes in alkal 
lamiolica)- Areshkina ( 
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during the seasonal development of Senecio plalyphyllus, a percnma 
herb vvith a dormant period. The total alkaloid eontent of the root 
decreased sUghtly during the active period, apparently by translocation 
to the shoot. The shoot showed a marked increase in alkaloid, consi- 
derably exceeding the decrease in the root. At the end of the vegeta^ ive 
period alkaloid returned to the perennial root system. The proportion 
of the two main alkaloids, platyphylline and seneciphyhine, van^ 
considerably in the course of development; seneciphylline formed 3- 
per cent of the total alkaloid in the root at the beginning of the vegeta- 
tive season and 18 per cent near its end; in mature leaves and seeds it 
formed 12 per cent. Harked qualitative changes in alkaloid content 
occur in jSmirHoria iurJcestaiia (I^guminosae) {Ryabinin & Ilyina, 1951). 
In 3Iay the plant contained only smimovine, but in August smimovinine 


and sphaerophysinc were found. 

Clianges in the content of individual alkaloids during development 
of various species of Atropa, Datura, and Hyoscyamus have been followed 
by Hegnauer (1931), Evans & Partridge (1953), Romeike (1953), and 
other authors. The results obtained showed a general similarity. 
Scopolamine, the dominant alkaloid in the young seedling, is soon 
overtaken by hyoscyamine, which forms 80 per cent or more of the 
total alkaloid in mature Atropa hdladonna. In Hyoscyamus niger the 
seedling contains almost exclusively scopolamine, but later hyoscy- 
amino predominates. Datura innoxia contains more scopolamine than 
hyoscyamine at all stages, although the hyoscyamine content increases 
with advancing age in this species also. In Duboisia niyoporoides 
(Trautner, 1947) scopolamine is the main alkaloid in the seedling and 
in some races throughout the life of the plant, a perennial which can 
become a fair-sized tree. In other races, hyoscyamine appears in 
seedlings about six montlis old and soon becomes the main alkaloid. 
A somewhat different picture is found in Datura feroz (Evans & Part- 
ridge, 1933), where scopolamine is always the main alkaloid. In the 
seedling mcteloidine forms 26 per cent of the total alkaloid; in the 
mature plant only 7 per cent of the total alkaloid is mcteloidine. 


K. Biosynthesis of alkaloids 

Much ingenuity has been applied by chemists to the symthesis of 
alkaloids, particularly by synthetic sequences based on naturally 
occurring compounds and taking place in vitro in ‘physiological’ or 
‘itllmOghch’ conditions (dilute aqueous solutions at room temi>erature 
and pll 5 to 7). I’lctet & Court (1007) Buggebtc"d amino-acids, derived 
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from protein breakdown, aa the main preeursora of alkaloids. 
adopted by most subsequent students of the problem, 

>"z:; r 

which seem potential preej^ Lglaender, 1035) and in toba«o 
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from ornithine by the methylating and oridizing f 

(Fig 74) could condense with acetonedicarboxyhc aci o 

icil to form hygrine and euscohygrine (Fig 75) These ™ 

realized in -pl^siological conditions' by 

(1049a) and by Galinovsky & Wefaer (1950). SchOpf i Arnold (1945) 
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raumosa (Symplocaceae) and in Peganum karmala (Zygopliyllaceao). 
Dihydroliarnian condenses ndth o-aminobenzaJdehyde to a product 
oxidized by ferricyaiudo at pH 7 to rutaecaipino, found in Evodia 
mtaecarpa (Schbpf & Steuer, 1945). Hahn & Werner (J935) and HaJm, 
Barwald, Schales, & Wcnier (1935) also synthesized tetrahydrohannan 
derivatives in very mild conditions and obtained from tiyptamino and 



m-hydrosyphenylpyruvic acid a base with the complex yohimbine 
skeleton (Kg. 81). 

The possibilities of this approadb, which concentrates upon con- 
densation reactions between substances known or reasonably expected 
to occur in plant cells, have been discussed by several authors (e.g. 


387 



alkaloids 



Robinson, 1930, 1955; SchOpf, 1937; Hughes & Ritchie, 1952). Most 
of this work has been inspired by Robinson, who with an admirable 
combination of theory and experiment has over the last 40 years 
clarified many problems in the structure of alkaloids. Tho results o 
this approach cannot be more than suggestive for studies in biogenesis, 
as the simplest sequence leading in viiro to a particular compound need 
not necessarily represent its mode of formation in vivo. Robinson (1936) 
emphasized that ‘all such schemes arc regarded as too simple in details 
and are only advanced in bioad outline’. Syntheses achieved in vttro 
in mild conditions do, however, provide valuable pointers for studies 
in the plant. Tho theoretical concepts evolved by Robinson and other 
workers in this field have been very valuable in suggesting fruitful 
approaches to structural and synthetic problems in the alkaloids- 
Bnlliant examples, e.g. the work of Woodward (1948) on the structure 
of strychnine, and tho proposal on theoretical grounds (Robinson, 
1948) of a structure for emetine later confirmed by synthesis (Battersby 
& Opensbaw, 1950), show the value of biosynthetic considerations in 
elucidating the structure of complex alkaloids, and in suggesting elegant 
and powerful approaches to their synthesis. 

Some details of the chemical methods used in these studies requir® 
modification in applying their results to biosynthesis. Pormaldebyde, 
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for instance, may not take part as such in methylatioiis witiun the cell 
wiiero vanous equivalent one-carbon molecules or portions of molecules 
(e.g. mothyl alcohol, formic acid, the termina] residues of glycine or 
sermo) may replace it. Formation in vivo of the — CH 3 , — OCH 3 , and 
^NCHj groups so common in alkaloids may also be achieved by trans- 
methylation from such compounds as betaine, methionine, dimethyl- 
thotia, dimctbylpropiotbetin, and methylethyithetin (Fig. 82). The 
thetins are at present knoim mainly from algae. Transmethylation from 
raetliionine is an efficient source of methyl groups in the biosynthesis of 
several allcaloids: ricinino (Dubcck & Kirkivood, 1D52); hordenine 
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(hlatchett, hlarion, & Kirkwood, 1953); protopine (from Dicentra) 
(Sribney & Kirkwood, 1953); m'cotine (Dewey, Bjerrum, & Ball, 1954); 
hyoscyamine (Marion «fc Thomas, 1 955); codeine, morphine, and thebaine 
(TJaUetsby & SlarpcT, 19586). Foimate, fotsnaldehyde, and glycine are 
also sources of methyl groups for some of these alkaloids, but are often 
less effeebivo than methionwe. Fonnaldeliyde and the a-carbon of 
glycine are, however, efficient precursors of the methyl group of 
nicotine (Byerrum, Bingler, Hamill, & Ball, 1955; Byerxum, Hamid, & 
Ball, 1954). Some mould fungi, notably Pcnicillium brevicaule {Scopuh 
ariopsis brevicaulis), methylate inorganic arsenic, selenium, and tel- 
lurium to the gases trimethylarsine, dimethylselem'de, and diraethyltel- 
luride. Gosio (1897) showed that moulds produced a poisonous arsenical 
gas. The mechanism of its production, together with that of the 
analogous selenium and tellurium compounds, has since been studied; 
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hero also moth.o.uno is a vcrj cffcctuo methylating agent (Challcnser 

& Higgmhottoui, 1015, Challenger. Lisle, i- UranalicUl. lOaJ) 

Acetone and acetoiicdiearhoxyhc acid aro aidelj used reagents to 
the synthesis of alkaloids in tilro in •physiologleal cunditions 1 h 
rcaetiTO dicarhoxjhe acid does not seem to he reported in plants 
Acetone itself occurs in some species ns the cyanogeiietie glucoalt e 
phaseolnnatin (hlianiaroside), iiliich on en/yinatie hydrolysis 
glucose hydrocyanic acid, and acetone Tho glucoaidc occurs m Ua. 
{Linum nsitahssimuM) (Jonssen L Uairs. 1887), Phascolus lunajus 
(Dunstan Henrj, 1903), niainoc {Majiihol uUhssima) (Dunstan, 
Henry, L Auld, IQOG), and in several species of Diviorpholh^ 
(Compositae) (Rimington L Stejn, 1035) It is recorded also from a few 
other species of Lcguminosac and Ilupliorbiactac Hic higher homologue, 
lotusaustraloside, which on enzymatic hydrolysis gives niethylcthyi 
ketone, is found lu Lotus auslrahs and Tnfohmn repens (Iinnemoro 
Cooper, 1038) Aramoacetonc, formed from Ihrcomno by Staphylococcus 
aureus (ElUott, 1959), would bo a plausiblo precursor of alkaloids if it 
occurs m higher plants 

The species known to form acetone aro not prominent os producers 
of alkaloids In any case they accumulate httlo or no free acetone, 
storing it as glucoside It is thus unhkely tint synthesis of alkaloids 
in ^lto 18 based on acetone or its dccarboxylic acid to the extent which 
studies imitro might suggest The artificial sy nthtscs may well, how ev er, 
correspond m broad outhno to those occumng naturally Acetone may 
be formed transiently and utilized wnthout over accumulating to t- 
detectable level, or it may bo replaced by simpler substances condens 
mg to give its structural equivalent m the alkaloid molecule Parker, 
Raphael &. Wilkinson (1959) introduced a new approach by synthesizing 
tropinone, pseudopelletiennc and lobelamne from the acetylenic 
compounds hexa 1 5 diyno and bepta 1 6 diyno Numerous acetylenic 
compounds with one to several triple bonds are luiown as plant 
products, and may well be possible precursors of alkaloids Some 
alkaloids are synthesized by several routes in the laboratory, t» t'lto 
also a smglo compound may anse in different ways especially when 
it occure in several unrelated species 

The synthetic pathways leading in vivo to some of the simpler 
alkaloids (or as they may also be considered more compheated amines 
related to ammo acids) are well established Hordenme, 

^ ( j) hy droxylphenyl) ethyl N dimethylamine 

HO— C^H,— CHg— CHj— N(CH3)2, 
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J3 a good oxampio of this group. It was isolated from grasses by Gaebel 
(lOOG) and Ldger (1906). Spath (1919), liowe^r, showed hordemne to 
bo identical with anhalinc, isolated by Heffter (1894) from the cactus 
Anhalonium fissuralum. It occurs in Trichocereiis candicans and other 
cacti (Reti, 1033), and in the mistletoes Phoradtndron califomicum. 
P. JlavesceTis, and P. villosum (Crawford & Watanabe, 1914, 1916), 
Raoul (1 937fl, b) allowed that barley seedlings synthesize hordeniiie 
and suggested that in the plant it arose from tyrosine via tyramine, 
a synthesis (Fig. 83) winch he realized in vitro in physiological conditions, 
lyramino is formed by bacterial decarboxylation of tyrosine (Acher- 
mann, 1909; Barger & Walpole, 1909). A pyridoxal-dependent tyrosine 
decarboxylase occurs in Streptococcus /aecalis (Epps, 1944). Such 



Tyroiine Tyrammc Hord«nine 


FiO. 83. 


enzymes have not been isolated from higher plants, but indirect 
evidence suggests their existence. Tyrosine decreases as hordenino 
increases in barley seedlings (Raoul, 19376). TJiese seedlings contain 


tyrosine, tyramine, iV-methyltyrauiine, and hordenino (Erspamer & 
Falconieri, 1952); iV-methyltyramine may be more prominent than 
tyramine (Kirkwood & Marion, 1 950). The related compounds hydroxy- 
tyramine and A^-methylhydroxy tyramine occur in broom {SaroDtamnus 
scoparim) (Schmallfuss & Hddcr, 1931; Correale & Cortesc, 1953). 
Correale & Cortese (1954) reported in macerated broom seedlings the 
enzymatic sequence: tyrosine -> tyramine bydroxytyraminc. Yields 
■n-erelowateachstage. Tyramine occurs in Phoradendron (Loranthaceac) 

(CTa^y^ 0 Td & Watanabe, 1914, 1916) and in a few other species, generally 
L a minor constituent. Eowden & Done (1954), however, found it to 
contain 90 per cent of tho amino nitrogen in exudates from cut flower- 
stalks of Cnnum yuccaefiorum (Amaiyllidaceac). In roots, bulbs, and 
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leaves of this species it appeared in smaUer amounts than other amino- 

''^'^Thb^thraisothordeninDhasbecnfurtherstudiedhyaCaimdian 

group. Barley seedlings supplied nith lahelled 
liirkwood, & ilarion, 1052) or tyrosine (Leete & Manon, 10 aSa) fo 
JV-methyltyramine and hordenine labelled in the corresponding po»» 
tions. Xo labelled tyramine was recovered, suggesting rapid utih^ ion 
in the plant, ilethionine -n as an effective methyl donor (Leete &> 3 non, 
lost) in these reactions. Massicot &, ilarion (1957) demonstrate lO 
barley seedlings the sequence: phenylalanine -> tyrosine tyramine 
A'-methyltyramine hordenine. The presence (Erspamer & I'll con 
ieri, 1952) of a quaternary ammonium base in barley seedlings suggests 
that hordenine may bo methylated to ^-(p'h5'droxypbenyl)-cthj tn 
methylammonium (candicine): 


HO-CoHj-CHj-CHs— A^(CH j)3, 

which occurs together with hordenine in Trichocereus lamprochorus 
and other cacti (Reti, 1933). Similar sequences starting ^vith di- or 
trihydroxyphcnylalanme would lead respectively to coryneine, the 
dihydroxy analogue of candicine, and to mescaline, the trimethoxy 
analogue of tyramine. These compounds are both found in cacti, 
mescaline from dnAa/oniuw,^ura/itw being well knoivn as producing 
fantastic highly coloured visions in man. Leete (1959) supplied tjTosine- 
a-Ci* to a cactus {Anhalonium leKinii, probably synonymous "adth 
A. fissuraturn). ilescaline with radioactive carbon in the corresponding 
position was formed, indicating tyrosme as a direct precursor of the 
alkaloid. James & Butt (1957) showed that barley roots developed froBi 
isolated embiyos contained no hordenine, but synthesized it if supplied 
■with an extract of barley endosperm. This extract contained no 
tyramine, A^-methyltyranune, or hordenine. Tyramine and A^-metbyl' 
tyramine were metabolized to hordenine if methionine was supph^ 
at the same time; otherwise no ^^thesis occurred. 

Gramine (indolyl-(3)*methyl-A^-dimEthyiamine), another simpi® 
alkaloid found in graces (barley Von Euler & Hellstrom, 1933; Arundo 
doiujx'. Orekhov & Korkina, 1935), is closely connected metabolically 
■with tryptophan. Bowden & Marion (1951) supplied tryptophan-^ 
to barley plants and isolated gramme labelled in the same position. 
Lecto & ilanon ( 10536) showed that tryptophan labeUed %nth both 
in the ^ position and in the methylene group gave gramine -without 
change m the carbon skeleton of the molecule (Fig. 84). Intermediate 
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btogcs 111 tlio ]iroecS3, during which a carbon atom is lost from the sido- 
cliaiii, uro not luiomi. Tryptainine, the decarboxylation product of 
tryptophan, occurs in Acacia Jloribunda, A. hnsi/olia, and A. pmimta 
(White, 194-i). Oosoiy related compounds include tiipterme (A'-methyl- 
trj'ptainino) from Girgeneohnia diptera (Chenopodiaceao) (Yurasherski 
& Stepanov, 1030i) ami its C-methoxy derivative in the grass Phalaris 
arundinacca {Willunson, 1958c); S-hydroxytryptamine, found in the 
liairs covering the pod of Muema prrtriens and possibly responsible for 
the intense itch wliich they cause (Bowden, Brown, & Batty, 1954); 
bufotenine, already mentioned as a substance produced by animals,^ 
plants, and fungi: and i'^.Y-dimethyltryptamine isolated from leaves of 
Pre3lo7iia amazonica (Apocynaceae) (Hochstein & Paradies, 1957), and 
from seeds of Piptadenia peregrina (Fish, Johnson, & Homing, 1955). 



Tfxptophin Graminft 

P/o. 84. 


5-IIydroxytiyptamme has been found in Gossypiwn kirsutum (Mal- 
vaceae) and SyinplocarptM fodidzts (Araceae) by Bulard & Leopold 
(1958). It occurs in appreciable amounts (about 8 mg/fruit, evenly 
divided between pulp and peel) in the banana fruit (Mwa sapientum, 
Musaceae) (Waalkes, Sjoerdsma, Creveling, Weissbaeh, & Udenfriend, 
1958; Cartier, Moreau, & Ge&oy, 1968) and in pineapple (Bruce 1960). 
It has marked eiFects on the human body when injected butis much less 
active when taken by mouth; its presence fa therefore unlikely to lead 
to physiological disturbance even in persons eating large amounts of 
bananas. Bananas or pineapples in the diet can, however, upset clinical 
biochemical tests based on the presence of this substance (called sero- 
tonin in animal bioohemistiy) in the urine, where much of it is excreted 
when they are eaten. Serotoninfa stated to be as active as ^-indoleacetic 
acid in the oat coleoptile test for auxins (Niaussat, Laborit, Dubois, & 
Niaussat, 1958). 

The hallucinations produced in man by mescaline (3,4,5-tnmethoxy- 
phenylethylamine) and their appUeation in religious rites by certain 
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peoples of Mexico have been extensively studied A somewhat similar 
use of preparations from Piptad^mapcrennm which contain bufot^ne 
(5 hydroxyindolyl ethyldimethylamine) has been reported ftoni Haiti 
(Stromberg, 1954) It has been shown that hallucinogenic mushrooms 
{Psilocijbe. aztecorum, P caerulescens var mazatecorum, P vieximna, 

P semperhiia, P zapot&corum, Strophana cnhensis) used ntually m 
;aiesico contam two compounds with a general structural resemblance 
to mescaline and bufotemne These are psilocmo (4 hydroxjdimet ly 
tryptamme) and psilocybme, m which tlie hydroxyl group of psilocine 
13 phosphorylated (Heim, 1956, Heim L Hofmann, 195S, Hofmann, 
Heim, Brack, L Kobe!, 1958, Hofmann & Troxler, 1959) 

Much experimental work on the biosynthesis of pyrrohdme an 
pipendmo alkaloids (e g hygrme, lobelme, mcotme, anabasme) bas 
been inspired by theoretical suggestions (Winterstem Tner, 1910, 
Robinson, 19176) of ormthme and lysme as the respective precursors 
of pyrrobdine and pyndine nngs Klein Linser (10336) reported that 
detached tobacco shoots placed m solutions of prohne, ormthme, or 
glutamic acid contamed more mcotme than control shoots placed m 
culture solution contammg nuneral salts only They mterpreted their 
results as showmg a synthesis of mcotme from the ammo acids supphed 
Gortet (1936) was unable to confirm the observations of KJem & Xmser 
(19336) He found that after 14 days the plants supphed with ammo 
acids had more mcotme than the controls but both had less mcotine 
than at the start of the experiment The data of both Gorter and Klem 
iu Linser are difficult to assess, owmg to samplmg difficulties and the 
rather small changes observed m mcotme content The use of shoots 
may also have confused the issue, as it is now known that mcotme is 
formed mainly in the root system Later work (Dewey, Byerrum, Ball. 
lOoj, Leete, 1955, X^cte Siegfried, 1957) usmg ormthme labelled 
with in tho a position, has shown that it is mdeed a precursor of 
nicotine m tobacco, radioactivity from ormthme appeared m carbon 
atoms 2 and 5 of the pyrrohdmo nng, showing that ormthme is not 
incorporated directly mto the mcotme molecule Glutamic acid xs on 
eirecti\c precursor for tho pyrrohdmo ring of mcotme, probably 
ormthme (Lamberts & Bjerrum, 1958) 

No evidence has been found for a simil nr production of tho pyndino 
nng of mcotmo from lysme Bothner By, Dawson, Su Christman ( 19 o 6 ) 
supphed stcnlo isolated roots of Nieotiana iabacum with lysine labelled 
uthcr With or with C** m all positions Little of the labelled 
mtrogen or carbon appeared m the mcotme formed, and that httlo was 
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mainly in tho pyrrolidine, not tho pyridine ring. Leeto (1950) found that 
lvsino-2-C“ supplied through tho roots was used m tho synthesis of 
nnabasine in Mna siouco. all tho labelled ^Aon aPP-nng » the 
.posUioninthopip»^n^ri„^^fo^-^^^^ 

pSrrsaiSS 

of this nng, ^'cro also i „ -vjnine which also contains a 

lysino was u.sed in tho formation (igsg,, 

pyridino ring, in ihciiiM that the pyridine 

however, eile evidence to glyeine or alanine, 

ring may ho built up from s ,.„„.,utrogenoU3 precursors. Tamil 

or allemativcly from „£ Jticim communis incorpor- 

i Ginsburg (I0u9) found th ricinine, suggesting 

aledCri-labelledlysme and a-amnoaip^^^^^^ 

that they are used m its to'seedlngs of Nicotiana rustica 

propionate, and glycerol .„„\riath,^Hellman, & Byemim, 

appeared in both rings 0 pyrrolidine ring arose from 

1000). These authors propos .. j ,]jp pyridine ring via j3-alanino. 

rimpiepreeursorsviagluta^e^^^^ 

The inetabohe events leachng ^ ^ at 

somewhat obscure, but lysme sc 

least. 1 1 II H with C‘* appears (Schiedt & HOss, 1958) 

Lysine uniformly labeUed maculatum, as suggested by 

to bo a precursor of ee"™ precursor of the pyridino nng of 

Robinson (1055). roots fed with nicorime acid 

nicotine in tobacco nicotine with the radioactive 

labeUed in the ring with H or C ^ D’Adamo, 1956). 

atoms in the pyridine ring tobacco seedlings supphed 

A largely increased mootine yn reported earlier by Pratesi, 

"eotinie acid or also increased mcotme 

Sferri, & Cambieri (1041^); the carboirylpoup 

synthesis (Ciferri, 1946h communis (Leete S ei a, 

"•led to labeUed ncim 

Nicotinic acid l»WW.,’'‘t,t^Tf e“cUed t'omato roots. Tritiuio 
acid and nicotine (Dawso , 
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ISicotmio acid, an esbential constituent of important co cnz^es, 
probably occurs m aU plants In some fungi a long cbam of mtennediatcs 
leads from tryptophan to mcotmic acid via several derivatives o 
anthranibo acid Many of these intermediates are formed in amma 
also, thougli the fact that nicotinic acid is a dietary essential for man 
and other animals suggests that m them the sequence does not include 
its formation Tryptophan breakdown m higher plants may follow a 
different pathway Leete, Manon, &, Spenser (10556) found that feedmg 
tryptophan 3 C‘* led to no inclusion of C“ m tngoneUme (the betaine 
of mcotmic acid) m peas, or m damascemne (closely related to 
hj drosyanthranihc acid, a widespread metabohte of tryptophan 
other organisms) m Nigella damascena This evidence does not exclu e 
completely the formation of mcotmic acid or anthramhc acid derivatives 
from tryptophan m higher plants, but suggests that at least in some 
species it IS unhkely TngoneUme and damascemne are characteristic 
products of the species m wluch their synthesis was sought, and it seems 
reasonable to suppose that they were being formed in the experimental 
plants Aronoff (19CGa, Ip) found no evidence of tngoneUme formation in 
detached soybean shoots from 3 hydroxyanthramhe acid m ■vrhica 
the carboxyl carbon u as labeUed with C^* 

Ormthme has been considered a likely precursor for the tropan® 
alkaloids CromueU (19436) suggested a scheme for the biosynthesis ot 
tropmone and nortropinono (which by reduction and esterification ivitb 
tropic (a bj droxymcthylphenylacctic) acid would give respectively 
hjoscj amine and norhyoscyamme) from ormthme via putrescine He 
found an enzyme in Atropa belladonna oxidizing putrescine (1.^ 
diaminobutano) to an aldehyde and ammoma, and showed putrescine 
to occur m A bdladonTia and m Datura siramontum, it was recorded 
m the former species by Gons & Larsonneau (1921) and m the latter, 
rather douhtfuUy, by Ciamcian Ravenna (1911), it has also been 
reported m citrus jmeo (Hiwatan 1927, Herbst L Snell, 1948) and m 
potassium-deficient barley (Coleman L Richards, 19o0) Putrescine is 
an essential gronih factor for the bacteria Hemophilus paraxnjlucnzae 
and Aewicnaper^m (Herbst ASneU 1048,llartm Pelczar, & Hansen 
1952) and for a mutant induced by ultra violet irradiation in the mould 
•ispergtUus nidulans (Sneath 1955) Tetramethjlputrescine occurs m 
llyoscgamua winicus (Willstattcr & Heubner 1907) and m B rcii 
culalus where it represents 1 per cent of the dry weight of roots from 
Central ^Vsia (Kono\alo\a A ^lagidson 1028) 

Tabor Rosenthal A Tabor (1953) studied the biosynthesis from 
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pulrcscino and nlothionino of the more complex straight-chain amines 
spermidine: 

and spermn 

sequence for spermidine was formulated as follows. 

(1) ATP -f methionine 

(2) s-adcnosylmotluomno -)■ a mercaptopropylamine, 

( 3 , .-adenesyl ( 5 > 3 -methylmerea«y.e^ne 
I.u„arine,analha,oidfrom^^"'t 

aeid or alkaline degradation (Po . ^ 

If these or similar amines are also 

seem to bo P°®3ihlo Pt“™” nitrogen atoms. 

scission, as few alkaloids ha putrescine gave rise both to 

CSromwell (HWSi) sugges . The former condensing 

saccindialdchydo and to an a tropinonei the latter, 

with methylamine and “““ heteroeyelie ring, would condense 
first cyeliaing to a 0 „, detaU of Cromwell's scheme, 

with acetone to give intermediate rrith a double bond m 

the occurrence of an pttfie tropane ring, appears to be 

the position corresponding to O. , „f ecopolamine via a simlar 

supported by a m rdm s^th ^ Vmeae, 1956) 

miaturated compound (M , „y,nloid content on mi'ction 

CromweU (1943o) '"^^j„to plants of Alropa belladonna. 

putreseine, together with coLuded from feeding expen- 

James (19406), using the same P nnn,es from th 

rr crnsr.tpeni , 195 ^.. -- - - 
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that supply of ornithine labeUed with C“ in the a position gave hyo=ci - 
amine labelled in the two carbon atoms of tlie O-X— C bndge 
(Cl and Cj of the tropane ring). The ecopolamino present w as completely 
inactive, a result interpreted to mean that ornithine a precursor 
of hyoscyamine but not of scopolamine. Tliis is unhkely in \ icw o t e 
close relationship between the tw o alkaloids. An alternative explanation 
is that scopolamiruj synthesis had ceased in the experimental plmits, 
as already mentioned, production of scopolamine is characteristic o 
the early stages of development in most of the Solanaceac that jiroduce 
tropane alkaloids. . 

Heinouts van Haga (1354, 105G, 1957), using isolated roots o 
Airopa belladonjia in sterile culture, found that supply of ornithine an 
putrescine led both to increased growth of the roots and to higher 
concentrations of scopolamine as w ell as hyoscyamine. He also made the 
interesting observation that the first alkaloid to he formed in \er> 
yoimg seedlings, before the appearance of scopolamine, was cuscoby- 
gtinc, previously known only from ErythrozyJon coca (Erythoxylaccae). 
This base was present in the roots of several mydriatic Solanaceac 
{Atropa belladonna, Daiuraferoz, D, innozia, D, meieJ, D. sframoniutiit 
Zlandragora o^ctruaJfr, Physochlaina orientalU, P. physaloidos, ScopoUfi 
lurida, and 5. sinensU). Cuscohygrine (Fig. 74) contains two pyrrolidine 
rings joined by a bridge of three carbon atoms. The author sugge*^^ 
that it is a precursor of the tropane alkaloids, with which it shows, as 
noted by Willstatter (1900) and Kobmson (19176), a structural afBnity. 
Its formation is increased by supply of ornithine, possibly converted to 
proline which would be the direct precursor, Cuscohygrine accumulates 
in Atropa scions, free of tropane alkaloids, on tomato stocks. The 
Atropa shoot may thus form the base without roots, but its possible 
production by tomato seems not to have been checked. Leete (lOGOa) 


supplied phenyIalanine-3-C** to plants of Datura stramonium. They 
formed radioactive hyosej'amine and hyoscine, all the activity being 
in the non-nitrogenous tropic acid portion of the alkaloid molecules. 

Several workers have studied the biosynthesis of the ergot alkaloids. 
Tlio ergot fungus {Claviups purpurea) appears suitable for such work» 
as it grows in saprophytic culture, though it occurs naturally as a 
parasite of grasses. Early results with Claviceps in culture were disap" 
pointing. The indolyl residue of the ergot alkaloids suggests indole or 
t^hiphan as I^ly precursors. De Tempo (1945) found no increase in 
aMoid formation on addmg indole, skatole, or tryptophan to cultures 
ofClaviups-. Tyler & Schwarting (1954) also reported negative results 
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with tryptophan. GrOger. Wendt, Mothes, & Weygand (1059), however, 
obtained active incorporation of tryptophan-^-C into alialoida 
formed by Chuceps in saprophytic cultme, as did Taber & Vimng ( 059)^ 
In their experiments C'MabcUcd tryptophan led to substantial and 
essentially Lial radioactivity in ergometrinine, ergocormmne, ergot- 
csseniiaiij i ^ «r„«prvn<!ne ercocrvptumie, agroclavine, 

parasilicaUy, ““''’‘"S oLer & Grisebach, 1968), 
the host plant (rye) (Mothes, cyg^ Suhadolnik, 

Bmmlfia serpentina that labelled acetate is 

Guseva & “ <‘"1 ute wtato, In the dark, labeUed 

used in the '’“"‘t f 

carbon appeared ^ „ere presumably adequately 

tho molcculo; m the ligU . almost exclusively m the agly- 

supplied by photosynthesis, j. ( 19580 ) and Leete (1968c) 

cone (solanidine). E‘‘““*’'^ 7of morphine in Popewr somni- 

found tyrosine-«-C“ to be a “Ja,; jehmidt & Mothes (1950) 

ferum, as suggested by ®“'’‘“* .^J,rilhC>‘wasutiIi 2 edin synthesis 

showed that tyrosine unifonn y capsules, and 

of morphine alkaloids by ;„„Poe and benzyl rings amse 

latex of P. Trier (1912) pcinW'>“‘ ‘b‘‘‘ 

directly from the phenolic nog ^ todanosina could be 

benzylisoquinoline ^ phenylalanine and ‘y'”'”!’ ™ 

derived from the aromatic ammo P Syntheses on these 

reactive derivatives such as amn ^y Schopf & Saizcr 

lines were realized m ^ plicnylalamne'2-C^* to e® 

(1940). Beal & Ramstad ( ^ y berberino in isolated si 

Loi of the ‘bat ealyc“r “ 
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that supply of ormtlune labeUed ni tho a position ga% o hjoscy ^ 

amino labelled in tho two carbon atoms of the 0— N— C bnUge 
(Cl and Cs of tho tropano nng) The Bcopolamino present was complete y 
inactive, a result interpreted to mean that ornithine was a precu^or 
of hyoscyamine but not of scopolaimnc This is unhkely ux view o ic 
close relationship between the two alkaloids An alternative explanation 
IS that scopolamino synthesis had ceased in the experimental plants, 
as already mentioned, production of scopolamme is characteristic o 
the early stages of development m most of tho Solanaccae that produce 
tiopane alkaloids - 

Remouts van Haga (1954, 1956, 1967), using isolated roots o 
Airopa belladonna m sterile culture, found that supply of ormthine an 
putreseme led both to mereased growth of tho roots and to higher 
concentrations of scopolamme as well as hyoscyamnie He also made the 
interesting observation that tho first alkaloid to be formed m very 
young seedlmgs, before tho appearance of scopolamine, was cuscoby 
gnne, previously kuoxvn only irom Erythroxylon coca (Erythoxylaceae) 
This base was present m the roots of several myclnatio Solanaceae 
{Atropa belladonna, Datura ferox, JD %nnoxia, D ineid, D stramonium, 
Mandragora ojjlcinalts, PhysocMatna onenialis, P physaloides, Scopoha 
lurida, and S sinensis) Cuscohygnne (Fig 74) contains two pyrrohdine 
rings joined by a bridge of three carbon atoms The author suggests 
that it 13 a precursor of the tropauc alkaloids, wth which it shows, as 
noted by "Willstatter (1900) and Robinson (19176), a structural affimty 
Its formation is increased by supply of omithme, possibly converted to 
prohno which would be the direct precursor Cuscohygnne accumulates 
in Atropa scions, free of tropane alkaloids, on tomato stocks The 
Atropa shoot may thus form the base without roots, but its possible 
production by tomato seems not to have been checked Leete (lOCOo) 
supplied phenylalauine 3 C^* to plants of Datura stramonium They 
formed radioactive hyoscyamme and hyoscine, all the activity being 
m tho non mtrogenous tropic acid portion of the alkaloid molecules 
Several workers have studied the biosynthesis of the ergot alkaloids 
Tho ergot fungus (Clavtceps purpurea) appears suitable for such work, 
as it grows in saprophytic culture though it occurs naturally as a 
parasite of grasses Early results with Clattceps in culture were disap 
pointing Tho indolyl residue of the eigot alkaloids suggests indole or 
tryptophan as hkely precursors Do Tempe (1945) found no increase m 
alkaloid formation on adding indole skatole or tryptophan to cultures 
of C/unwps, Tyler & Schwartmg (1964) also reported negative results 
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with trj-ptophim. GrcJgcr, Wendt. Slothes, & Weygand (1950), however, 
obtained active incorporation of tryptophan-^-C" into alkaloids 
formed by Clamceps in saprophytic culture, as did Taber & 

In their experiments Ci*-labelled tryptophan led to substantial and 
essentially equal radioactivity in ergometnrane, ergocomimne, ergo - 

TminL ergLe, ergosinine. crgocryptine, ergceryptinme.apoclavme, 

a Jelymodav-ine, which thus prohably arise by a common biosynthetic 
pathway. Radioactive of 

parasitically. Mowing inicction of tryptophan , 

L host plant 
ScnlrnV hLoii & Loo 

X'and^rtCnl‘lL“;o;ion of the comP^x alkaloid ajmaline in 

Ramolfia serpenlinn (^T’aMSl^howed that labelled acetate is 
Guseva & •* ibTuTtato In the dark, labeUed 

used in the synthesis of ““'“““bowLte and the oglyccnc parts of 
carbon appeared 7'‘Xn sugars were presumably adequately 

ths molecule; m the bgh , ^ almost exclusively m the agly- 

supplied by Photosyntteis It app^r^^ (igSSe) 

cone (solanidine). ®“‘7'^^r,recutso?of morphine in Papurer somm- 
found tyTosine-«-C'‘ 7°. “ 'In , 1955 ). Kleinschmidt & Mothes (1950) 
ferum, as suggested by i ^^jthC^‘wasuUIizedins^^^ 

showed that tyrosincunifor^l capsules, and 

of morphine alkal^ '’^“’^"oqutaoline and benayl rings arose 
latex of P. so™'/r™»*7?*'' .„n.Trier(1912) pointed cut that 

directly from the phenolic nng laudanosino could be 

benzylisoquinoline bases su phenylalanine and tyrosine, v 

derived from the aromatic amin ^Jj^fhydes. Syntheses on these 
Active derivatives such as 77 by SchOpf & Salzer 
lines were realized in ‘physiological ,j„pine-2-C» to bo a pre- 

(1940). Beal & Bamstad (‘‘’“"toloid^tarbeLo in isolated shoots 0 

Lsc; of the that ealyeotominc nn is^_ 

Berberis vulgaris. Studies t Leguminosae, anses fr > 

rXorated7t7;"X^ 

ratio suggests that they a 
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Crom\\eU (10436) found in Alropa belladonna an enzynio oxidizing 
putrescine. Later nork has shown iliaiuinc oxidases to bo ^\idesprcad 
in plants, including non-alkaloidal species, and also in animal ti&sucs. 
Tho general reaction for these enzymes (Tabor, 1051) may bo written: 

H-N-(CH,) “NHa + Oj H^O -> 

-Clio 4- -f n.O.. 

Enzymes of this type occur in species of several dicotyledonous families ; 
they were found in all Labiatae tested and in several Lcguminosac. In 
other families the enzymes appear sporadically; they were not found in 
the monocotyledons or gymnosperms examined. Although not detected 
in resting seeds of Trt/oltum pralcnse and T. incamatum, they were 
active in early stages of germination (Werle 5: llaub, 1918; Wcrie & 
Zabel, 1948; Werle & Von Pcclimann, 1949). These enzymes al>o 
dcaminato histamine. They are stated to require two co-cnzjTacs, 
riboflavin and pyridoxal. The animal enzymes require pyridoxal only, 
according to Sinclair (1952) and Davison (1950); Gorj’aehenkova (1956) 
reported requirements for pyridoxal and flavin adenino dinuclcotido in 
enzymes from animal tissues and ixom leguminous seedlings. 

Diamine oxidaso from pea seedlings oxidizes putrescine and its 
higher homologuo cadavciino (1,5-diaminopentane), forming rcspec* 


1 r ^ 

H,C .C 

1 I 

1 I 

HX CH 

1 1 

“X/ 

N 

o 

y-Aminobutyraidehyde 

PyrroUne 


NH 

P/rrolidine 





x " 

NH 

J’^iperideine Piperidine 


S*AmInovalereIdehyde 


Fio. 85. 
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lively v-ammobutjTelcichydo and S-aminovaleraldehydo (Hasse & 
MaiBLk, 1035; Mann & Smithies. 10=5). These ammo-aldehydes 

E-:™r==-rs'xr4HS: 

;r;;SS.rs:££^^^ 

from cadavcrmo by extrac ^ was thus acliieved by 

first enzymatic synthesis of an * Mnthes ef showed, 

prepavationsfromanon-.aM^^^^ ,,, 

using cadaverino labelled i 1 formation of both 

enzynnalie synthesis ‘'“f “““J TiS is a surprising 

the piperidine and ™® i„ridioe but not the pyridhie ring ot 

result, as in iViOThanajfauai th PP igsga). The production of 

anabasino is formed from cadaver.^ P^^^ ^ 

anabasine from cadavermo rs formulated 
1057, 1059); , 

cadaverino -» ”ytorabasino ^ anabasine. 

f snabasine was observed after lengthy 
No spontaneous formatio.i o norhygrme 

autoaidaticn of eadavenne. Clarhe patresome and 

and isopelletlcrine from reac acetoacetate by enzymes 

cadaverine rvero oxidized in th p condensation 

from pea seedlings. Further compounds pmdurf 

of other j3-heto compounds patrescine in some allialoidal 

by diamine oxidase. T^ occu ^ P^^ cadaverine in higher 

species is well estabMied; .he j^„ca,position seem to bo m 

plant materials not affected by h together with P’'‘^® . 

potato tubers (Yoehimura, ^M) 

old leaves and roots of pea together 

contains both putrescino ^ „adily cychze to 

oxidizing them to these alkaloids in detectable amoun . 

Terfant however, does not fojmttoaur^^^ cyuthcsis thus 

thepeamayberegardedasaspe 
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products metaboUcaUy more usetnl than alkaloids from the diammcs. 
Lysine and cadaverine are precursors in vivo of the quinolizine allia oi ' 
lupinine and sparteine in Lupinns luieus (Schutte & Xowacki, 195 ). 
The diamines are formed (EUinger, 1900) by the bacterial decarboxyl- 
ation of lysine to cadaverine and of omitliine to putrescine. Enzymes 
catalysing these reactions have not, however, been found in hig er 
plants, where the diamines may be formed by some other pathn ay. 

The formation of alkaloids in the plant often involves remarkab > 
specific esterifications. In the mydriatic Solanaccae scopine is ester^ 
by tropic acid, hydroxytropine by isovaleric acid, If'^tropine by tigUc 
(cis-l,2-dimethylacryUc), and nortropine by a-methylbutyric or 
^-methylbutyric acid (Trautncr, 1947; Barger, Martin, & ilitchell, 
1938). In ConiolvuliLS pseudocantabncus tropinc and nortropine are 
esterified with veratric (3, 4-dimethoxy benzoic) acid (Orekhov & 
Konovalova, 1934, 1935), and in Erythroxylon coca ^^-tropine irith 
benzoic acid (Karrer, 1938). Other csterifying acids include methyl- 
ethylglycoliic and acetic in Verairum (Krayer & Acheson, 1946), 
sulphoacetic in Erf/ihrina (Folkera, Koniuszy, & Shavel, 1944), and 
nitric in Burasaia madagascariettsis (Resplandy, 1957). The numerous 
pyrroUzidine alkaloids isolated from SeTiecio and some species of 
Boraginaceae and Leguminosae are formed by the combination of a 
comparatively small number of bases united %nth an almost be^vilde^ing 
variety of ‘necic’ acids (Leonard, 1950; Kuffiaer, 1957). The complexity 
and specificity of esterification in the plant raise difficult biochemical 
problems. Trautncr (1947) pointed out that acids esterifjdng tropane 
bases in the Solanaceae arc formally related to isoprene, thus bringing 
together two particularly complex groups of plant products, the 
alkaloids and the terpenes. 


L. Biological breakdown of alkaloids 

Advances in our knowledge of alkaloid biosynthesis have had little 
coimtcrpart in the field of their breakdown. There is evidence that this 
occurs in several plants, but httlc is kno^m about the pathways involved 
or the products formed. 

Hcckcl (1890) showed that, in several species wth alkaloid-rich 
seeds {Sterculia acuminata, Strychnos nux-iomica, and Physostigif^^ 
teneno-jum), alkaloids disappeared during germination and were app^^^' 
cntly utilized in the sccdUng after conversion to other substances. 
Kicotine disappears m detached tobacco leaves (Smirnov & Izvosliikov, 
1930. Vickery I’ucher, Wakeman, & Leavenworth, 1933) Chaze (1931) 
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and Tsuiita. Nana, & Sakaguclii (1959) found measurable losses of 
nicotine by volatilisation from tobacco leaves. The losses 
tor only a smaU part of the alkaloid disappeanng m detached leaves 
At tboLidity of tobacco leaf-sap (about pH 6-6) less than 1 “ 

nicotine occurs (Vickery & Pneher. 1929) as the ™ ^ 

fromtobaccoleaves Fodor&M g. jiashkovtsev & 

Mashkovtsev, Tsapkova f 'i„ots of tobacco broke 

Sirotenko (1050) found that go per cent of the 

down both endogenous and appeared as ammonia, 

nitrogen of nicotine broken mvn i anabasine, nicotine, and 

Tso 5: Jeffrey (1950) rusbra grown in water 

nomicotjno via the roots ‘ P . giaum using mootine 

culture Similar expenmen^^^^^^^ 

doubly labeUed with C and 1 appeared in 

zed by the plants; some of the labeU insoluble orgame 

other alkaloids, but the larger part was 

substances, isiOahelled nicotine into detached leaves 

Sehrbter (1057) infiltrated C-Mab^edm^__^^_^ 
and shoots of Niccham f"”"- ( 1559 ) found that intact plants 
lesser extent noniicotine. ... lohelled nicotine actively in t lo 
of ^foob-aiiu acted as a methyl 

roots but only sluggisUy m reported demethyl- 

donor in the synthesis of ^ Uiyl g-up^ - N. l*c». 

ation of nicotine and '“.“brined Lm N. ,Uuca N- 

Bose, Do, & Mohammad ’ ^talysing the demethylation of 

UAacum crude onaymatie prepa™^^ being tonefe^^ 

mootine to nomicotine, the e b„ speefc the enzym 

to ethanolamine. The 9 >othylrton Ikopane a^a 

finin g to methylate normeotme or g (Slipileiiya, 9u9) 

rroTdaraglycones ‘durts of mootine 

1953; P^koshev, Petro^^,„ „„ Zbe -rff “bstiluted 

gome information . ^tobacco leaves. Van 

conversionduring fermentation 01 
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pyridinea are formed, including 3-pyridylmethyIketone and 2,3-dipy- 
ridyl (Frankenburg, Gottacho. Slayaud, & Tso, 1052). An earUer pr^uct 
is cotinine, a major component {Frankenburg & Vaitckunas, 195 ) o 
the bases formed from nicotino in fermented cigar leaf. It differs froni 
nicotine only in the presence of an oxygen atom, which converts e 
pyrrolidine to a pyrrolidone ring. Cotinine is also known as an 
dation product of nicotine, and as a metabolite of nicotine in the 
(iIcKeimis, Turnbull, & Bowman, 1958). Bucherer & Enders (1942) 
showed that some bacteria can break down nicotine to ammoi^- 
Wada & Yamasaki (1954) isolated irom soil a Pseudomonas using 
nicotine as a source of carbon and nitrogen. Two oxidation products 
were identified, 3-nicotinoylpropionic acid and pseudohydroxymcotine 



3>N>ceunoyIprepionic aad 
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(l-nicotinoyl-S-methylaminopropaDe) (Fig. 86). (l)-6-Hydrorynicotiiie 
has been identified as the first product of oxidation of nicotine by 
Pseudomonas Jluorescens (Hughes, 1952) and by an nn-named soil 
bacterium (Hochstcin & Rittcnberg, 1959). 

Wada, Kisaki, & Saito (1959) detected ammonia, cotinine, metbyl- 
amine, myosminc, nicotinic acid, nicotyrine, and oxynicotine among 
the oxidation products of nicotine aerated at 30'C. Nonenzynm^® 
reactions at moderate temperatures can thus effect considerable changes 
in the nicotine molecule. Hylin (1959) studied the breakdown of mcotine 
by Achromebader nicolinopha^m, a species isolated from tobacco 
seeds. In rapidly growing cultures nicotine was degraded via G-hydrosj"" 
nicotino to aliphatic products. Resting cells converted nicotino by 
succctesivo oxidations to p»cudohydroxynicotine, 3-succinoylpyridine, 
and 6-hydrox5*-3-succmojipyndine, which was not further metabolized. 
Tlie organism did not attack tobacco alkaloids other than nicotine. 
Kiemtr, Bucherer. A Kohlcr(l960)i6olated Con/neiac/en'um belladonnae 
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from soil nndor plants of Alropa leOadonm. It used atropine, hyos^- 
amine, and scopolamino ns solo sources of carbon and mtrogen. Trop 
aXsplit from atropine by an osteraso. was converted to phenylaeetal- 

l“irtw S"— 

study. 

\T 'Tiif» functions of alkuloids in the plunt 
™n"ions, based lar^ly 

been advanced to provide ^ AlkaloiL have been variously 

alkaloids in tho plants that pro u^^ - and 

considered as protection aga jatojigeation mechonisms, 

parasitic angiosp^ms', as jiaaaes being held analogous 

their doposition {in some species) i g gnaUy as more 

to oscrotion in animals; as f "S^'^etabolism, None of these 
or less fortuitous by-produo f , „igbt be expected from tho 

viowsisatallUkelytobetmoingewrA^^^^ 

varied chemical , jg found among the weeds that replace 

particular cases. Alkaloidal P , o,ay owe their immuni y 

more palatable species in ‘>''''•8 ^ ^ plants are, however, equally 

to their alkaloids. Thoruy "“rf^^^fiJnof the very bitter berbe^e 

promiueiitiusuehsituations.Tta^^ ,oen considered a 

in the outer bark of several ^ ^^^ 3 , Kesistance to the 

protection against animal a»k (C 

root-rot fungus San,uinari^ ioTe 

Jf Irifoluita (Berberidaceae), and m Greathouse, 

veraceie) is attributed (^.'fj^o'Jjtnro inhibit the fungus m very low 

,039) to their alkaloids, ^^pjoisel & Pomoshc^o^ f 
eoucentrations Berbermo-/_^“J„na,in of yeast. ^ 

dry rot in potato tubers, but seems 

in ciro (McKee, 1959) ^ 6“““*. T »ul as ricetiL 

Protection agains 1 . f ijialoidal insectici cs pests 

cultivated for the production of ^ attack often y 

or anabasine a» -^^j’^^Sds. Eesistant races of the pe 

normaUy sensitive to their aiaai 
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to develop readily, iluch interest has been aroused by an apparent 
association between the resistance olSolanum species to larvae ot tne 
Ckilorado beetle {Lepiinotarsa decemlineata) and their content o 
gly coalkaloids, especiaUy demissine. Ifc is stiU not clear how far variations 
in resistance are correlated -with the amount and typo of aUsaloid present 
(Kuhn & Gauhe, 1947; Prokoshev & Pctrochenlco, 1950; Prokoshev, 
Petrochenko, & Baranova, 1952; Schreiber, 1954, 1957). 

Phanerogamic parasites flourish on at least some alkaloid-containing 
plants. Votdial (1889) noted the occurrence of Cusciita europaea on 
Solanum dulcamara. The tissues of stems and leaves attacked hy t e 
parasite vere found by microchemical tests to be unusually rich m 
solanine. Tliis may represent a reaction to wounding; Molle (189 ) 
found an increased solanine content in potato tubers after cutting. 
Votchal observed the fan-shaped absorbing ends of the Guscula 
haustoria to be almost as rich in solanine as the Solanum tissues m 
which they were embedded. Tissues of the Ciiscuta stem at a short 
distance from the haustoria also gave colours with solanine reagents, 
the shades of colour ucre, however, atypical. Votchal suggested that 
either the solanine molecule was modlflcd in the parasitic tissues, or 
other substances interfered ^vith the colour reactions, but did not decide 
betucen the two possibilities. Cuscuta has been reported on other 
alkaloidal plants, e.g. Alropa, Conium, Delphinium, Isotoma, T^icoHo-^^ 
(Mirande, 1900; Gertz, 1915; Kindermann, 1928; Walzel, 1952a)' 
Walzel (1952a), using highly sensitive microchemical methods, detected 
no nicotine in stems of Cuscuta gronovii parasitizing stems and leaves of 
Nicoliana tdbacum’, no special study was made of the haustoria of the 
parasite. Cuscula, though a successful parasite of many alkaloidal 
plants, is severely affected by colchicine. G^o^7ing either on CoZc/jicuwt 
autumnale or on colchicine-trcated SoUdago canadensis it produces 
abnormal haustoria from which tracheids are completely absent 
(Walzel, 10526). Sumlar ineffective haustoria occur in Cuscuta growing 
on plants -mth. latex or highly acid sap (Kindermann, 1928). 

It appears that Cuscuta cither does not absorb nicotine from tobacco 
plants on which it grows, or can destroy the alkaloid readily. Severe 
metabolic disturbances have been noted in Atropa belladonna scions 
absorbing nicotine from stocks of Nicolxana glauca (Hieke, l9-i2)- 
Other Solanaccao not normally containing nicotine seem also to bo 
injured by it when grafted to nicotine-producing stocks. Several 
broomrapes {Orobanche cumana. O. cemua, 0. indica, 0. ludoiiciana, 
PheUpam ramosa) attack field grovFn tobacco and may seriously reduce 
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its yield (Shaw, 1017; Izard, 1000 ). 0. ffl.dc/i growing on tobacco 

staled (Zcllncr, 1010) to bo frt-o of iiicolmc. 

Mis Ietoe.H (Ix.ra.;ihaceao) growing on Moisia myoporoida absorb 

r;s::;.;:rs^ 

and Erijihrina indico), ..tacks of parasites or plant- 

I’rolcction by alkaloids again ^ genera! 

eating animals, oven if clfectivo “.aj the general 

advaLgo to alkaloidal planta. and 

protection lijTOthcs.s t„t suggested that liigh solanine 

successful insect cnennes of tlio potato, b taatio„ where it was 

concciitrationa in young groinng however, that these actively 

most needed. He produced no ovidcn , 

growing parts arc lo often involve unconvincing 

lUh such a function for other alkaloids also 

special pleading. .IbJoids act as reserves of nitrogen. 

It has boon suggested that a deposited 

This is unlikely; their N/C to^e parallel to that of 

in small amounts, ' on a very much smaller seal. 

proteins rather than a part of ^ transfer of mtrogen fam 

In sonio germinating seeds Bccdhng, but 

alkaloid in the resting seed to pro „^y. tad 

part of the protein nitrogen of pm-formed hete o 

L-ght more plausibly bo “"“<‘''^„“fc„.onzymes and other essimtia 
cyclic rings required in the effectively m non-alka 

substances. These rings, however, . j^jy form the pyridine nng 

o"nts. All autotrophic ^ co— ^ 

nicotmic acid; co^pa-^Hf Tab-pC ^d 

Little is knoivn about tl » reported increased P^^^ 
within the P'“‘- of tobacco P'^^g^y Schmid (1078). 

amino-acids that would othenvfflo 
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cTidence for toxicity of tho amino-acids concern!^. DetoxiBcation of 
ammonia, another suggested function for alkaloids, is suppor e 
least hy the known toxicity of ammonia. Alkaloids would, hone , 
appear inefficient for its detoxification owing to the large ainoun 
carbon required for their formation compared with the substance 
(asparagine, glutamine, citrullinc, aUantoin) normally stormg surplus 
ammonia in a form more readily available for future use than m mo» 


aiKaioioa. , « 

The only reasonable course, on the information at present availaDie, 
13 to consider the place of alkaloids in plant metabolism as largely 
unknown, and to renounce, on account of their great variability m 
structure and behaviour, any general explanation of their function. 
Their often spectacular effects in animals make it tempting to assum 
that they are equally potent in the plant, Tlic temptation shoul ^ e 
resisted. There are Bimilarities between plant and animal metabolism, 
but also marked differences, and in animals alkaloids act largely on 
functions absent from plants. Tho pharmacological effects of alkaloj ^ 
are probably responsible for the emphasis sometimes laid on their 
putative roles in the plant; it should perhaps bo remembered that equa y 
little is known of the functions of other minor plant products, some o 
which, c.g. the terpenes, are equally complex in chemical structure. 
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Vauquolin (1800) 

fauiilics, eg. Rosacoae Oyano- 

raro in others. Lcemau ^-cansa of their toxicity to 

genetic species have been stu cyanide metabolism m 

Lolt or, rarely, to man; «“'» " ";;::*r„ots from estabhshed 

the plant. Young plants, and particni y association tvith active 

plants, aro rich in =y=""!‘®' * Truog, 10381 

metabolism (Boyd, Aamodt, ® taL the highest concen- 

Franzko & Hume, 1945a). ““ J„netic, e.g. roots in cassava 

tration, but any plant part ^ Jy and floivers 1” 

{manioc: McnM sita/oKa (Ptoteaccae) (Smith S 

hanUU, Uakea mligM, 1929). The cyamde content 

White, 1020), and Zo/asconiica supply (Bay*'*”*’’ J 

of plants is increased byhisl.n.to^PFj‘„a Peli (190D ounj 

dr; weather (WiUaman & Wes , Wl«)- Ptecte 

Zt sunshine increased "a sorghum leaves formed cyamde 

STelthyrorghum^lantoe^^^^^^^ 

l 9 i 2 ).lnPholiotaaurea(B^^’ , ketone or an 

requiring oxygen. s^ociHes vieW on hydrolysis (Wohler 

\lcst cyaiiogenetie 6 cyanide. Amyg^ 

aromatic aldehyde as w e yields benzaldc W ’ pgjdiard, & 

& Liebig, 1837) from >e _ .gjjpjiOTbiaceae) (Fi^e ^ Cooper, 

Iiom Phylkinthns gastromM^V (Bntaceae) (f"”' , -dc. Cyano- 

Large, 1939) and «.-hydro^^^^^^^^ 

1936) contain respectiydy P i„ flax (&»“>»" 

genetiegluoosidescontainmgaeeton 
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(Jorisscn & Uairs, 1887) and many other species; a 

Lotus australis contains mothylethyUretono (F.nnemoro Cooper, 


Some plant constituents of unusual structure yield Iiydrogcn cyam e 
on relatively gentle chemical treatment. They include ^-nitropropionic 
acid laiown from several unrelated species, and macrozamin ro 
leaves and seeds of cycads (Cooper. 1940; Riggs, 1951). The latter is a 
primeverosyloxyazoxymethano (Langley, Lythgoc, & Riggs, 1 
HjC — N =N— CHj— 0-primc veroBO 


O 

A few species, e.g. Goodia lotifoUa (Leguminosac) (Fimiemore & 

193G) and Ribes Jasciculalum (Saxifragaceae) (Dilleraann, 19^ )> 
liberate hydrogen cyanide froui labile compounds of uncertain structure. 
The few known plant products that contain the nitrile (CN) 
but do not form glucosidcs include the growth substance indolyl'3' 
acetonitrile and the alkaloid ricininc (Fig. 03). 

Formation of some cyanogcnctio glycosides is associated 'Vit 
amino-acid metabolism. Gander (1958, 1959) shoned in Sorghutn 

vulgare that the nitrile carbon of p-hydroxymandclonitrile-^-glucosido 

arose from carbon atom 2 of tyrosino and suggested ;)-hydroxyphcnyl* 
serine as an intermediate. Butler & Butler (1960) showed that in Tri‘ 
folium repens valine was a precursor of linamarin and isolcucino of 
lotaustralin. Decarboxylation seemed to bo involved, valine-4-C^* hut 
not valiue-l-C^* giving labelled linamarin. 

In Trifolium repens (Williams, 1939; Corkill, 1942), and in inter- 
specific crosses in Linarta (DiUemann, 1953), a single pair of genetic 
factors determines presence or absence of cyanide. Related species 
may vary greatly in cyanide content. Helerodendrwn oleaefoUuni 
(Sapindaceao) is highly cyanogcnctio; the other species of the genus, 
II. dttersifoUum, is cyanide-free (Petrie, 1920). 

(6) TniOCYANATE METABOLISM 

Lang (1933) found in animal tissues an enzyme (rhodancse) catalys' 
ing the formation of thiocyanate from thiosulphate and cyanide 
according to the equations 

HCN + + 40^ ^ HSCN + Na^SO^ 

and 

HCN + Nn^SjO, -v HSCN + Na^SOa 



THIOCYANATE METABOLISM 

A similar reaction may ™ &tnd to in 

Gaidos, 1917). Stoccklm & Croclietclle [u uj 

Cnmiferac. Gemcini.ardt f ^ „,i^e'd by 

riclicst being crucifers and ninbcUifers thiMulplwte being knonn in 
the rhodaneso reaction, both cyani e . , to be a substrate 

plants. Wood & Fiedler (10“) '“^’C toyana^^ i^ now 

for rhodaneso; its reaction ° transulphurase (Sorbo, 

attributed to a ihstmct disymc, known as yet only from 

1054; Kun & lansliicr, 1969). lb S' sulplnir from ^- 

aninial tissues, is a copper protein to cyanide, 

thiolpyruvato to sulphite, jjg^i of thiocyanate in plants 

forming thiocyanate. The furt ^ sole source of carbon 

is obscure. .Vmmonium thiocyanato gas-works effluents by 

w™ . M.»r i.«a 

as its solo source of carbon an Hydrogen cyanide, if snPP 

converted quantitatively to “®”°“' Jsou«e for the mould Asp r- 
together with sucrose, is a good m g workers (Dezean. 

IL mVer (Ivanov t,,Of,tXJerfei solid or dissol^ 

1013; Sanford, 1914; Elliot. ’“IJ'' „ide was apparently rapidly 

but Uttle IS ^7" ;”^j;’;^op (1927) “ a„faahed leaves of 

significance. Godwin & rontent of starving obser\-ed 

the cyanogenetic glucosi A similar gj Cj-anido 

cherry laurel ‘'J jj^^igofera * ‘^TAlsberg & 

during drying m of 191*^)* 

disappeared in macera , „gr Johns, ^ „ cyanide did 

1916)! Men. fiavus_ 1953); hydrogen c>am 

maculatum, and Linaria s elemental 

not seem to be “ "folfS^r^'-^^'^T'frdl^niUated into 
TurreU & Weber (If i^)- ,,as abs^f ^“"1“ d Bulpbur to 
sulphur dusted on to lemo jeduction of e e jjjgher plants 

protein. A prob.abIy anryma^ from ye-t and hi. 

hydrogen sulphide is reported in « 
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{do Rcy-Padhade, 188Sa, b, 1897; Delcano, 1909); Pozzi-Escot (1002) 
recorded reduction in this rvay of both selenium and sulphur, ihe 
metaboUsm of elemental sulphur in higher plants is obscure; rhodanese 
or a similar enzyme may catalyse its reaction with cyanide to term 
thiocyanate. 

(c) XSOTHlOCYAliATEa IN EIiANTS 

These compounds cause the charactenstic flavour of “mustard oils 
in various Cruciferac; they occur also in similarly tasting products rom 
quite unrelated families, e.g. seeds oiCaricapapatja (pawpaw) and leaves 
of Tropaeolum (garden, nasturtium). In the plant they occur as g aco 
Bides. The first of these to be isolated w ere sinalbin (Boutron & Robique , 
1831) from Sinapia alba (white mustard) and sinigrm (Bossy, 184^ 
from Brassica nigra (black mustard). The glucosides are accompam 
in the plant by an enzyme (myrosinase) hydrolysing them according to 
the following equation: 

glucosvde 4* HjO isothiocyanate 4* glucose 4" KHSO*. 

Sinigrin yields allyl isothiocyanate (Will, 1844) and smalbin the p’ 
hydroxybenzyl compound (Salkowskj, 1880). In sinalbin potassium 
sulphate is replaced by the sulphate of an organic base, sinapine (Fig* 
87). 



Sinapine 
Fio. 87. 


Tlio ktructuro (Fig. 83) put forward by Gadamer (1897) was long 
.accepted for tticc glucosides, but has now been replaced by that of 

ailmgcr 4; Lundeen (I9S06) (Fig 89) Strong support for this formula 

is given by the first sjuitheais of a mustard oil glucoside (Ettbngcr 4 



'o-— SO,KH 

Sinjour# of ainttnn (Gadan-er. 1877) 
Fio 83. 
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Lundeen, 1067) in wliich glucotropaeolin was obtained as the crystalline 
tetramethylammonium salt. TWs glucoside 0'“™ “ 

(Gadainer. 1890) and in Carica papaya (Ettlmger & Ho g 
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Structure ofsJnIgrIn 


/ 




N— 0-”SO|KH 
(Ettlinger& Lundeen, I956i>) 


Nunrerons other i-thioeyana^ o£ p.»t 
characterized, mostly hy Kjaer an^ t .„en 1065 ). (Kjaer & 
include the methyl (Kjaer, Gm , , aeriratircs. More 

Larsen, 1064), and isopropyl (Kjaer ® ' ^.jjayldecyl (Kjaer, 

complejc suhstitnents also ocoim, e.g. . ^ 1 (Kjaer, Gmelin, & 
Gmelin, & Jenson, 10606) an J’"'”? y j tjieso compounds are 
Jensen, 1056a). The !'“””J^£e.hains are structurally 

unknown. Several of their isothiocyanate 
related to common amino-acids. 

Tetraethylthiuram disulphide: 

CjHf 

HA / 

N-CS-S-S-SC-N^ 

/ CjHs 

^6^2 . toadstool Coprinus 

reported by Simandl & S'*””' ‘So product, used as a rfcam- 

atramentarius, is well ",^L°ent of alcoholism under the 

zing agent for -hhe- ^^J^^ethyl -pound ts used as 
name Antabuse . -Lne 
fungicide. 

(d) NITEO COMPOOSnS IS Fissm 

genic acid. Carter A ii taraldn and wi ) „i, 4 »:«cd from 

fdentical with the uglyoouo f „„pound oblamcd 

propionic acid. This was the h 
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natural source. It is now Unoivn from ^ 

195S) and from Indigofcra endccaphjlla (Morris. Pagan ^ 

1954 ■ it may not, however, bo the main toxie eons ituent of tlm latt r 
speets (Hutton, Windrum. & Krutoing. 1058). It is also a n.ctabobto 
of the moulds Aspergillus Jlavm (Bush, Touster, * 
and PeJiicillmm atroventw7i (Raistrick & StOsal, 1058). In . o r 
over 00 per eont of the nitrogen of ammonia metabo haed by be 

aetivelygrowingmould.apartfromthatincorporatedintottemycU ^ 

was recovered from the medium as /I-nitropropiome acid; its proto 
was ton times as great with ammonia as with nitrate sriggcs i „ 
active oxidation of reduced nitrogen eompoiinds. Aristolodua ck 
contains the more complex nitro compounds 3,4-mothyIcne 
nitrophcnanthrcnocarboxylio acid and its 8-mcthoxy derivativ-e ( > 

Belohlav, & Siiuonitscll, 1955, 195C; Bailor & Schloppnik, 1 }■ 

former occurs also in A. relkukUa and A. indica (Coutts, 

Williams. 1957) and in A. hracteata (Rao, Row, & Murty. . 

fungus Clitocyhe smveolens forms a nitroso derivative of benzalde ly 
(Herrmann, 1900). Slreplomyces lavendulae produces the ueU-Iuim 
antibiotic chloramplieiiicol (Chloromycetin), a derivative of m r 
phenylseriue (Robstock, Crooks, Controulis, Bartz, 1949). 
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STORAGE AND TRANSPORT OF 
NITROGENOUS SUBSTANCES 


A. Nitrogenous compounds in vegetative storage organs 
In trees and other woody plants tho living parenchymatous tis:,uc 3 
of the stem contain reserve materials and are the only storage organs. 
Perennial herbaceous plants have more \-aried and more specialized 
storage organs, arising by modification of various parts of the plant 
body. The familiar bulbs of onion c£pa} or various species of 

tulip {Tnlipa) or lily (Lilium) are chaMctcristio of some monocotylc- 
donoua families; they occur in some dicotyledojjs, o.g. Ozalia laii/oUa 
and 0. inartxana, but are rare in this group. In the bulb the storage 
tissue consists of modified leaf bases surrounding nn apical hud borne 
on a greatly reduced and flattened stem. Other underground storage 
organs are modified roots or rhizomes (horizontal stems often g^o\^ing 
underground). Tho aerial pseudobulbs found in many orchids are short 
swollen stems or branches homo at the base of tho leaves. 

Some trees, e.g. tho baobabs (AdansomOy Bombacaccao) and tJjo 
bottle tree {BrachycJnton rupesJrh, Stcrculiaceae), store large anjoujjts 
of water in swollen stems. Others store great (juantities of starch, 
especially mouocarpic species, uhicb use jnatcriaLs accumulated over 
many years to produce a huge inflorescence, tho tree d_jing after 
fruiting. This habit is found in some palms, including J/etrozy/ow sayu 
and JI. rumphii, uliose trunksjicJd the sago of commerce. .Monoc.-i^iy 
is rare in dicotyledonous trees, but probably occurs in CcrLtnojisis 
candelabrum (Apocyjjaceae), a species common in ^vew Cdcvlom'a. ilie 
pith of Zlelroxylon sagu (raw sago) has a verj* low nitrogen content; 
samples from New Guinea contained 0-033 per cent nitrt>gcn on a 
weight basis (O-Oo i>cr cent dry weight) (IVters, 1 My). Olljcr .'ivi-irs of 
palui may, houever. store substanliaJaniounts of nitrogen in the 
Gallerand (15>04) found ‘'.ilbuminousinatter" to rc])res4nt lO-.»i»crtxnl 
of tho dry n eight in a s>.ago-HU pith from the satmiubc julm of 3Iad.i- 
gascor (Jlcdcmia nobilis). Total nitrogen in this pith mwJ W al-mt 
1-7 iK?r cent of the dr>' ueight. over thirty linny wiuh a* nJ '-•-u. 

The sap lIoHing from cut ndlorCMvnre slalU of aimuafly Louiring 
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palms, particularly Borassus JlabcUifcrf Cocos nucifera, and 
/r«(ica)i 5 , contains mucli solublo caibohydrato and is a major source o 
sugar in some parts of Asia. The sap from cut inilorcbcenco stalks of t e 
coconut palm (Cocos nucifera) contains 0-05 per cent of nitrogen, the 
daily loss of nitrogen per tree is 0-5 to 2*4 g (Browning & Symons, 191C)- 
Vegetative storage organs contain the same type of nitrogenous 
compounds as other parts of t!ic plant, but have characteristically a 
high proportion of solublo nitrogen and a corresj)ondingly low prO’ 
portion of protein. Schulze & Urich (1875) showed that in roots o 
turnip {Bmesica napus var. napobrassica) protein represented about 
20 to 40 per cent of the total nitrogen; much of the soluble nitrogen was 
present as amino groups. Subsequent work (Schulze & Barbicri, 1880, 
Schulze & Eugster, 1882; Schulze, 1904?;) demonstrated the picsence 
in potato tubeis of several individual amino-acids, including argimne, 
histidine, leucine, lysine, and tyrosine. Glutamine was found, sometimes 
in comparatively high concentrations, in roots and tubers of beet 
{Beta vulgana), carrot {Daucus carota), radish {Rapkanus sativus), 
celery {Apiuin graveoUns), Siachys iuhifera, kolilrabi (Brassica 
oleracea var. gongylodes), and turnip (Schulze &. Bosshard, 18S0» 
VonPlanta, 1890; Schulze, 1S9C6, 1898). Gruntuch (1029) reported higk 
contents of solublo nitrogenous substances in underground storag® 
organs of numerous plants, including species of Allium, Asparagv^> 
Canna, Dahlia, HeliaiUhxis, and Oxalis. Kinosluta (1897c) fomid aspara- 
gine to lepiesent 2 per cent of the dry weight in roots of 
iiucifera (Nymphacaceac). Ishizuka (1897) showed that the asparagia® 
content increased in roots of Brassica campestris, Daucus carota, aud 
Baphanua salivas examined after storage for CO and 100 days at ambient 
temperature. More recent work (Dent, Stepka, & Steward, lOil* 
Steward, Thompson, & Dent, 1949; Payne, Eults, & Hay, 1952; 
ihompson & Steward. 1952; Zacharius, Thompson, & Steward, 1952) 
using paper chromatography has shown that the soluble nitrogen of 
potato tubers contains most of the amino-acids commonly found in 
pro cm, ogether uith others (y-aminobutyric acid, ^-alanme, pipecobo 
acid) wluch arc absent from most and perhaps from aU proteins whoso 

composition 13 completely known. 

™'l orginiaD arc quantitatively the 

tToTiMn I , I'f ^hatancca are also prominent in cass»v» 
Adnl Veen ^ Landing, ,0«; Bigweo , 

leoaru, l9o.). The protein content of cassava tuhers W 



VEGETATIVE STORAGE ORGANS Jl" 

illy loss than 1 per cent of the dry iveight (Jacquot & Nataf, 1936; 
ramamurthy, 1046; Peters. 1969). Much liigher protein contents 
ler cent to 7 per cent) are recorded (Ainmaim, 1920) for certain 
eties groivn in Cambodia, but seem to bo very unusual m eassa™. 
In sprouting potato tubers much of the 
ted to the developing shoots (Street, Kenyo" & 
glutamine content of the tuber falls grca% at f " 

affected, suggesting that it is not rcadUy mobdised for 

Sr^r-u) made an " 

ible nitrogenous of these species nere 

oies. The main These ivere, indeed, 

bamic acid, aspartic acid, *i,PTr « ere only minor consti- 

nd in almost all species, but m “^pounds. S-.V- 

nts associated with "“^trogenous reserve compound in 

tylomithino was the mam solu g another 

19 species of Keoler (1057o) found it only in 

cios of this faimly i^ted family Papaveraceao. The 

mariaeeae and in 4 species of ‘to mla^ 'u.^aOned taxonomic 

istance thus seemed to toye a r j^g presence in several 

tribution until Powdeii (1958c) ^ g ecics; they tended to ho 

.sses. Arginine P‘odominatcd m ma 

icentrated in the family numerous in Lcguiiiinosae 

uiUes. Species “ocumiilating prou S„pj„ru japomca)-. 

g. AmorpU fameuMa, Bob also a major 

ne were scattered through other ^ (Kutaceoe) 

mponent of the soluble mtrogen 1932 ; Kaveux, 

in, Gopalhrishnan, ,„,J„f(Sanlalaccae) (Giri el ol., lOo.. 

,v6. * Bove, 1957) and of ‘nn,i„„.aoid in dormant buds o 

iKee & Urbach, 1955); , 939 ). CitniHine predominate.! 

■,.„usariuin(Rosaceae)(Crononb promiiicnt also m 

species of Betulaceae j occiieololis (Colycanlhaiyae) 

■elia refracu (Wdooooo). ,. 9 „e) recorded c. m ■ 

,d Brassica olmcea a, cd species. Axctidiiie-2-carboJ^^ 

a major constituent of a few o„.protciii nitrogen in Ho 

id foins about 75 per cent of. hen 

id rhizomes of Conm an j. ^aien, 19o!ki); it is a . 

.maccao) (Fowdeu * (Koirden i Steward. lO-”;;; 

lous in storage organs of Botn as major lonstitu 

cuter, 19570), Other aimno-acids mpo 


>S43i: 
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some species include alanine, y ammobutync acid, leucme, pheny a 
nine, senne. and ^allne There « th^ 

compounds stomig mtrogen in different species Som , ^ ° i,c 

and glutamine, are -rcry mdcspread, others, lie azeti - ^ 

acidfare hnoa-n only from a group of related species, but may je 
found in unrelated plants 


B Translocation of nitrogenous compounds 
(a) PATHWAYS OF TBAItSLOCATlOS 

It has long been clear that m higher plants soluble substances move 
rapidly both upuards from the roots and downwards from the tear - 
Increasing recogmtion of the synthetic activities of the root sys e 
has further emphasized the mohihty of matenals within ^ ^ ^ 
Sunultaneous moi ement in both directions compheates expenmen 
study PhiUis i. Mason (1930a) and Fischer (1930) showed that over 
fairly long penoda (sampbng at intervals of two days or more in a 
espeninent lastmg two weeks) carbohydrates moved 
plants while mtrogen mo\ed upwards Their conclusion that 
substances w ere sunultancously transjiorted m opposite directions i 
the phloem wa'*, however, rendered uncertam by the long duration o 
the experiments itore defimte evidence of simultaneous transpo 
upwards and downwards m the plant was given by Chen (1951), ° 

showed that in geramuni plants {Pelargo7iium) and willow cutting 
(Sahr) inorganic phosphate labelled with P®” was transported upwa 
from the roots through the phloem of tlie stem, at the same tune 
radioactn c sugars formed in the Iea\ es from C'* labelled carbon 
w ere moved dow nw arda, also m the phloem There are, however , l>en 
in the life history of both annual and perennial plants when transpo 
opcratco predommantly in a emgle direction Well known examp 
include the flow of soluble matenals from agmg leaves and to de velopuio 
seeds 

Kursanov and lus as&ociates found an active and rapid cireulatioH 
of matenals between difi'erent organs of seedhngs Carbohydrates p^ 
from the lca% cs to the roots where they are metabolized to compounds! 
presumably keto acids -which provide the carbon skeletons of ammo- 
acids Ihc ammo acids synthe ized m the roots are m part exported 
to tlic shoot Detached shoots of wheat take up ammo acids efficiently 
from =olution through the cut end of the stem (Kursanov Zaprometov, 
I'JtJa, b, Kurs^aiiov, Kryuko\a, Scdeiiko, 1948, Kursanov, 1952), d 
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ripemng ears aro present they receive most of the absorbed amino-acids. 
This transport of amino-acids requires respiratory energy; fins may 
explain the Iiigfa respiration rates of vascular tissues (Kursanov 
Turkiua, 1952a, 6; Willenbrmk, 1957). 

Active synthesis of numerous amino-acids in roots has been 
demonstrated in a Avide range of species (Willis, 1951; Kursanov, 
Tuyova, & Vereshchagin, 1964; Kursanov, 1955; Mothes & Engelbrecht’ 
1959; Yemm & 'Willis, 1956; Kulayeva, Silina, & Kursanov, 1957).’ 
The accumulation of amino-acids in actively growing aerial roots of 
figs {Ficus) is particularly striking (Kursanov, 1955). The roots, though 
important in amino-acid synthesis, are not the only seat of this process. 
There is abundant evidence (e.g. Bidwell, ICrotkov, & Reed, 1954; 
Voskresenskaya, 1956) that amino-acids are formed in leaves, and 
that they can be exported from them to other parts of the plant 
(Carles, 1958). 

(6) TRANSLOCATION AWAY FROM LEAVES 

Several early workers (e.g. Borodin, 1876; Pfeffer, 1S76; Schulze, 
1880) conjectured that formation and breakdown of proteins both occur 
continuously in the leaf. These processes were envisaged as being 
primarily related to respiration, but protein hydrolysis in normal 
attached leaves could also provide soluble nitrogenous compounds, 
particularly amino-acids, for transfer to other parts of the plant. Suzuki 
(1898o) concluded from analyses at different times of the day on leaves 
of Fagopyrum esculentum, Selianthm annutcs, Ipomoea batatas, Phas~ 
eolus mungo, P. vulgaris, Pueraria ihunbergiana, Sokmuvx iubtrosum, 
and Wistaria brackyhoirys that during the day protein was syntliesized 
from nitrate, while at night hydrolysis predominated, amino-acids and 
asparagine being translocated away from the leaves. 

Some early reports on this subject are contradictory and diiBcuIt 
to interpret as the results are often expressed on a dry weight basis; 
changes in nitrogen content were thus liable to be obscured by con- 
current changes in carbohydrates. The choice of a suitable basis for the 
expression of results is both important and difficult in such work. The 
absolute amoimt of nitrogen or protdn jwr leaf is perhaps tho best 
basis of comparison, though variability between leaves makes largo 
samples desirable. Schulze & Schutz (1909) showed on this basis that 
leaves of Jeer negundo had more total and protein m’trogen in the 
evening than in the early morning. This effect was consistently shonn by 
young and maturo leaves at five sampling dates; senescent loaves, 
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ho-ever had le-A total and protein nitrogen m the eTemi^.^tem 

hydroly=o.andtranBlocat.onappeanng the 

day Chibnall {19240. b) found that protein content m Icnvea o 
mLer bean {Phaseolus mvM.Jloms) decreased ^ 
from his observations a diurnal -vanatiou in ^ 

synthesis and hydrolysis, the latter predominatmg at 
L llason (1929) obtained Eimflar r^t3 with P 

{Go«yp.um) Smimov. Erygin. Drboglav, ^ 
pre.entcd very extensive data on changes of total and pro 
m leaves of tobacco (Aicolwna tabacum) and^sunfloiver (H 
annuut) Their results were expressed as mg N ^r "quaro 
surface In mature leaves, protem mtrogen per umt area CTen 
dunng the day, the mcrea=e with young leaves was smaller, ^ 

have appeared greater on an ab-olute bans, as thfe>e leave.. ^ 

growing The nitrate content was much higher xj^g 

mature leaves s>uggc-ting that the former, although fnit ^ g 

-ourceofmtratemthesoil, absorbed it more effectively to ' euijr 

and old leaves protein content fell in the middle of the y ® 
steeply m the afternoon to pa*® the level reached in the ear y ao 
«'nimiov ei d (1023) attributed this decrease to high mid-^y 
peratures, ilothcs (1920) «ihowcd a fall of protem content in 
plants exposed to high temperatures, presumably b^cau-e by 
■was accelerated more than synthesis Studies on the effects o v^o^ 

nutnentdeficjenciesonthenitrogcnousmctabohsmofbarlBy (H^o ^ ^ 

leaves (Richards Templeman, 193C, Gregory Sen, 1937) 
further evidence that leaf protein wa^ not metabohcally mert, bnt co 
readily be mobilized by hydrolysis The conclusion that some pro 
at least are activ e metabolites luu> since been confirmed m expenm ^ 
with i*otopic nitrogen (e g Heve^, Linderstrom Lang Kestou, 
OUen 1940, Tnrchm, Gumm-kaya i, Plyobtrvekaya 10 j 3) Thelat c^ 
authors showed that the mtrogen of chlorophyll is also continually 
renewed. The evidence for contmuous turnover of proteins m soio® 
tLMUfcs Bcems clear, but it is not yet certam how far this apphes 


proteins m General 

* ® Tl’fi 

The age of a leaf markedly aSec*3 its protem metabolism ■*■ 

proujin content of voung leaves incrca-ees as they grow but m older 
Ita^'t-S protem is hydrolysed and its breakdown products are tran^^ 
located to other parts of the plant In different parts of a mature plan*’ 
there are tissues at all stages of development senescent organs releasxno 
rvati nals uned in new j,rowth In nu>at annual plant® some leaves are 
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shed comparatively early in development, long before flowering. The 
uitlicnng of leaves on senescent annual plants and feaf-faU in deciduous 
trees at the beginning of their donuaut season (wnter in temperate 
climates, hot dry summers in the arid tropics) aro striking examples of 
sliedding short-lived organs, leaves of evergreen trees aro also tem- 
porary structures, though theirlife-cycle is less obvious than in deciduous 
species, and has been less studied. Some overgreen trees shed and replace 
leaves steadily all the year round, others show periods of comparatively 
rapid leaf-fall followed by flushes of new growtli, perhaps several times 
a year. 

The return of nitrogen from the leaves of deciduous woody plants 
to permanent storage organs (usually the stem) has been studied by 
many ^vorkers. Sachs (ISGo) concluded from the decrease of starch 
and chlorophyll in senescent leaves that materials must be returned to 
the perennial part of the plant. Leclero Pu SabJon (1901 1900) showed 
that nitrogenous materials were transferred in spring from stems and 
roots to the developing buds and young leaves; be also found a return 
of nitrogen to the perennial organs from senescent leaves in autumn. 
Richter (1910) found with apple, cherry, pear, and plum trees that the 
nitrogen content per leaf remained fairly steady through the late 
summer and early autumn months (July to early October). In the later 
part of October it fell rapidly. The nitrogen remaining at leaf-fall 
varied among these species from 23 per cent to 32 per cent of the 
maximum value recorded. Other work at this period was summarized 
by Combes (1911); much of it was difficult to interpret because the 
data were expressed solely on a dry weight basis; the earlier work is 
also thoroughly discussed by Combes (1926) and £chevin (1931). 

Combes (1924) showed that loss of m'trogen from yellowing leaves 
was not, as had been suggested, due to leaching of soluble compounds 
by rain; detached leaves exposed to the iveather retained much more 
nitrogen than controls attached to the plant. Nitrogen may not bo 
leached from leaves to any significant extent. Appreciable losses of 
potassium from leaves washed by dew have, however, been recorded 
(Arens, 1934; PhilHs & Jifason, 1042a). Later work by Comhea and 
his associates darifled the movement of nitrogen by analysis through- 
out the year of entire woody plants; two-year old oaks (Quercus) and 
beeches (Fagus sylvatica) were mostly used (Combes, 1920, 1927; 
Combes & fichevin, 1037; Combes & Piney, 1928. 1929). Protem 
hydrolysis in stems and roots began in February, two months before 
the leaf buds opened, and continued until ilay, when a period of net 
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protein synthesis m these organs began This accumulation of protein 
continued until the time of leaf fall in November, when for a bne 
period hydrolysis predominated in roots and stems as iicll as in leave 
At this stage the total nitrogen content of the plant decreased, pro a y 
by excretion of nitrogenous substances thiougli tho roots The na 
of tins loss of nitrogen is obscure, it has been observed in ’ 

cspeciaUy annuals (Wilfarth. ROmcr, & Wimmcr, 190G, Hurd, « 
Pension, 1935, Deleano L Gotterbarm, 1936, Mothes Engelbrec , 


Ka 

In some cases at least this decrease in total nitrogen canno 
attributed to leaf fall or loss of otlier plant parts, or to ° 

nitrogenous substances towards the roots Knowles & Watlvin ( ) 

found that wheat plants attained their maximum mtrogen conten 
three weeks before harvest, no change m total mtrogen occurre 
thereafter, though transfer to the ear continued Over the last three 
weeks before harvest tho above ground paits of the plant lost substan- 
tial amounts of all elements studied, except nitrogen and phosphorusi 
losses of calcium, potassium, and clilonne were particularly markc 
Leaf fall and leaching were ebminated as causes for these losses, they 
may have been duo in part to transfer to tho roots, which were no 
analysed Luttkus & Bottichcr (1939) showed that darkemng induced a 
substantial excretion of morgamc matenals througli the roots of maizo 
plants grown in culture solution Up to 30 per cent of the total potassium 
of tho plant was lost in this way, sulphate and phosphate were also 


excreted Ko damage to the roots was observed 

Gaumami (1935) recorded extensive analytical data on tho distn 
bution of mtrogen in different parts of young beech trees throughout 
tho year The total nitrogen content of the leaves mcreased very rapidly 
during Hay It remamed roughly constant from the end of Hay to the 
middle of October, and then fell steeply The rate of loss of nitrogen m 
autumn was however always less than tho rate of mtake in spnug 
In leaf buds and young leaves soluble mtrogenous compounds were 
rapidly condensed to protein up to tho end of May, when synthesis 
slow cd do^vu and there was a period of net hydrolysis, followed by ud 
synthesis again until July Yelloaving leaves lost 50 per cent or more of 
their mtrogen m tho three weeks preceding leaf fall Similar obser 
\ationa are recorded for Saltx fragilta (Deleano Andreesco, 1932, 
Mcrop, 1930) and for Pttis vintfera (Alexander, 1957) Numerous 
authors haio recorded increased protein content in stems particularly 
111 till, bark of woodj plants in the autumn, eg ilumeek & Logan 
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(1932) for apple (P^rus malus) and SiminoWtch & Briggs ( 1949 ) for 
psetidacacia. Leaves of evergreen plants have been less studied, 
but SCchel-Durand (1932) found that the same proportion (40 per cent) 
of tlieir maximum nitrogen content remained in yellow fallen leaves of 
Prumis laurocerasm (evergreen) and Castanea vulgaris (deciduous). 
Both species also lost tlie same proportion of potassium (60 per cent) in 
fallen leaves. The relative amounts of sulphur and phosphorus lost in 
fallen leaves were, however, much higher in the evergreen spec/es. 
Haimoii (1956) recorded that sclerophyllous leaves of Angophora 
costata, and cladodes of Gasuarina lUloralis lost no nitrogen before 
falling from tho tree. 

In amiual plants mature and to a greater extent senescent leaves 
tend to liydrolyse protein and export its soluble products to metaboli* 
cally more active parts of the plant. Mature leaves of barley (Poideum) 
(Walkley, 1040; Walkley & Petrie, 1941) and of cotton {Gosst/pium) 
(Phillis & JIasoa, 1042h) are, however, still capable of protein syntliesis. 
Walkley (1940) used the fourth leaf of tho main shoot on barley plants, 
the upper part of tho main shoot and all tillers being removed; a high 
supply of nitrogen as ammonium sulphate was provided via tho roots. 

In these conditions protein synthesis was rapid even m senescent leaves, 
provided they still retained some diJorophyU- Similar results are 
reported for other species, c.g. tobacco (Mothes, Bottger, & WoHgiehii, 
1958). Even in detached leaves that usually show rapid loss of protein, 
some synthesis cojitinucs and, though masked by concurrent hydrolysis, 
can bo detected with isotopic nitrogen (Chibiiall & IViltsluro, 1954). 
Detached senescent leaves are mctabolically rejuvenated by tho for- 
mation of adventitious roots. Rooted senescent leaves of iVico/iono and 
Phascolus show renewed plastid formation, synthesizing protein, 
nucleic acids, and chlorophyll and accumulating materials absorbed 
or synthesized by the roots (nitrate, glutamine. aUantoin, nicotine) 
(Mothes & Engelbreclit, 1956; Mollies, BOttger, & Wollgiehti, I95S), 

(c) Tn.iNSnOCLATION IN DEVELOriNO FLOWEM 

Schumacher (1931-32) demonstrated a rcuiarkably rapid break- 
doirn of protein in tho perianth of ephemeral flow ers of various species. 

These flowere, though often largo and showy, arc verj' impermanent 
structures, m ithering a few hours after they open. The ma.vimum protein 
content IS often in tlio bud just before opening; lij-drotj sis begins as (lio 
flouer opens end may break donn a eonsideraWo part of llio jirotcm 
before any sign of n ithering npiicara. To quote ScUiinucIwr: "Prolein 
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synthesis stops as the flottcr opens; the machino « switched off. ani 
while ^\e admire the wonderful beauty of the unfolding . 

secret deadly process of protein breakdown proceeds m its ^ ' „ 

after reaching a certain point can end only in catastrophic co ap . 

In ephemeral flowers ol Ilydrodtia nympJioides ^ 

cent of the original protein broke down in 15 minutes, an a u 
14 per cent in the next 45 minutes. This sudden breakdown 
counterpart in the rapid increase of protein and total . 

developing flower buds, as has been emphasized by Combes (1 - h 
who analysed the various floral parts of Lilium croceum at c 
stages of development. In cotton {Qossypium), which has short- iv^ 
flowers, there is a considerable import of nitrogen, together wa 
phosphorus, potassium, magnesium, and chlorine, into 
during the night before anthesis; a corresponding export to the s e 
via the peduncle occurs on the following night. Transport 
direction appears to take place in the phloem (Phillis & Mason, 1 
The total nitrogen content of inflorescences of .deer pseudoptoian ^ 
growing from the bud to the flowering stage increases about six 
(Brunei &, fichovin, 1038). In this species the glyoxylic ureidcs aUan i 
and allantoic acid account for a largo part of the soluble nitrogen, 
are much more prominent than the amides. The intense meta o ic 
activity of the flower at anthesis is also shown, in Jris tjermanica s 
1. flavesun^, by a sharp peak in respiratory activity at this tiin® 


(Ulrich & Paulin, 1907). 

The protein content of unpollinated orchid flowers remains stc^^ J 
for up to seven days, but pollination is followed by rapid change 
(Schumacher, 1931-32; Gessner, 1948; Hsiang. 1951). The nitrogen 
content of the flower as a whole docs not neccosanly fall, but it ^ 
redistributed among the floral parts, passing from the labellum and the 
fccpals to the ovary and gynostemium (column). The stimulation o 
metabolic acti\jty is also shown (Bntikov, 1951) by a great incrc^ 
in the nitc of uptake of P®^-labelled phosphate by the pistil of mah^ 
after iK>lHnation. In many species with ephemeral flowers more than 
half of the nitrogen liberated by protein breakdown in the petals 
pasaes to otlicr parts of the plant licfore they fall, as found in AUhoea 
rosia, Ctreua macdonaldiae. Conttdvulus sepium, Datura meielt 
litia bitpuln, and Tujndia paionta (Schumacher, 1931 - 32 ). In 
croccum the pwtil gained nitrogen steadily, while rapid protein hydrolysis 
took place in the penanth, the nitrogen gained by the pistil was, 
however, only 9 i>er rent of that lost from the i>enanth (Combes, 1935)- 
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1.1 detached infioieecences of /to there ia a strikiog tonafer of 
matonal between different floivera. Hlridi & Paulin (1057) found the 
opemiig of the flon er to he accompanied by a marked uptake of water 
and of nnjjeral substances. In detaclicd inflorescences of three flowers 
picked ill bud and supplied witJi water through the stalk, all the 
flowers opened, the terminal bud opening first. If the inflorescence was 
held without water, tlie terminal flower failed to open, but the lowest 
bud did open, drawing water and other substances from the stem and 
from tlie terminal flower. The experimental conditions thus reverse the 
nonual flow of materials. 


(cl) THE FLOW OP 5IATEEIALS TO DEVELOPDia FETJITS AND SEEDS 
It has long been recognized, from quantitative analyses by early 
workers, that developing fruits and see^ draw on other parts of the 
plant for the supplies of nitrogen used in their growth. Tliis flow of 
materials towards tlio seeds is particularly marked in atuiual plants. 
It may be noted that most workers on the physiology of seed develop- 
ment have studied crop plants selected for high seed production and 
belonging to large-seeded species. The available information on tlm 
redistribution of nitrogen in seed formation is based largely on work 
udth members of the Leguminosae (pulses) and Gramineae (cereals), 
wliich are convenient for experiment and have seeds of economic 
importance. There are, however, some data for tobacco (Solanaccao), 
a plant not cultivated primarily for its seeds, and for trees. 

The total nitrogen content per plant increases over at least the 
earlypartoffruitgrowthinannualplants.Boussingault (1840) estimated 
the nitrogen content (in kg/ha) of a crop of wheat as 12-4 on 19 Hay, 
23*7 on 9 June (flowering,) and 42-0 on 16 August (harvest), ilnalysis 
of various organs of the plant at succcssivestagesofgronth indicates, 
however, that although some of the nitrogen used in the growing fruit 
cornea directiy from the roots, much is transferred from the stem and 
from senescent leaves. The flow of nitrogen from stems and leaves to 
the fruit appears in the data of Arendt (1859) for oat plants analysed 
at various stages of development. Anderson (18CG6) sampled a crop of 
beans (Ficiafaia) near Glasgow at various dates during 1864, and 
analysed separately roots, stems, leaves, flowers, and fruits. Kis analyses 
were very extensive, including water, total solids, iron, calcium, 
magnesium, sodium, potassium, sulphur, pliosphorus, silica, and 
nitro^^en; only the last need concern us here. The results aro expressed 
in Ib/acre The experimental plot is stated to have coutaiiied lOO.li'a 
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plants per acre; it is thus possible, assuming that this number remain^ 
constant over the growing season, to convert the results to t ® 
convenient form of mg/p!ant (Table 1 1). The nitrogen contained in tne 

Table 11 

Changes in total nitrogen (mgfpUint) in various parts 
of the bean plant (Vicia faba) during growth 
(Calculated from data of Anderson, 18C6b.) 

Date oj tamping (1864) 



1 June 

lJul>j 

1 Aug. 

1 Stpl. 

7 oa. 

SA'oP. 

BooU 

7 

50 

54 

73 

78 

74 

Sterna 

7 

77 

293 

333 

195 

178 

Loiiea 

21 

117 

340 

338 

I5S 


Ftoicera 


IS 

28 



_ 

FrviU 



21 

220 

405 


TOTAL 

33 

283 

747 

970 

820 

66 


roots sboB-ed no significant decrease up to the last analysis, TThich 
made in November because the crop matured late, OTving ® 
apparently particularly poor summer. Between the beginning o 
August and the beginning of September the nitrogen content of the 
fruits increased markedly -without any significant reduction in that o 
the stems and leaves. Nitrogen in the -whole plant increased over this 
period, any translocation to the young fruits from stems and lea-v^ 
being replaced from the soil via the roots or from the atmosphere via 
the root nodules. Later, bet-ween the beginning of September and the 
beginning of October, nitrogen lost from the stems roughly equalled 
that gained by the fruits. There was also a substantial loss of nitrogen 
from the leaves over this period, but it may largely have been due to 
leaf-fall; the leavM at the last sampling, early in November, -were 
described as "a few blackened and moist fragments”. The percentage 
of the nitrogen of the -whole plant contained in different organs is sho^vn 
in Table 12; the steep rise in the proportion of nitrogen laid down in the 
fruit is very striking. Fruhling & Grouven (1867) deduced from analysed 
of plants at various stages of growth that developing fruits and seeds 
use nitrogenous materials stored previously m other organs and 
other chemical compounds. They studied 12 species, mostly cereals 
and leguminous fodder plants; results arc given only as percentages, 
v.hic\i reduces their quantitative value. 

Liniiierlmg (ISSO, 18S7, 1000) grew I’lcta faba at Kiel in the jears 
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1870 and 1880. Samples of roots, stems, leaves, and, in the later sta^^es 
TV throughout the growing season. Analysis 

of the dried samples and study of a vast mass of data occupied Emmer- 
ling for the next twentj' years. He recorded for each part at each 
sampling date the content of many different nitrogen fractions, not all 
of which are easily interpreted in terms of present-day concepts. The 
analyses were highlylaborious, depending almost entirely on gravimetric 
or gasometrio methods. Tho data were expressed both on a fresh-weight 
or dry-weight basis, and as amounts of the various constituents per 
thousand plants. The amounts per seed and per hull in growing fruits 
were not stated directly, but for most samples data were given from 

Table 12 


Percentage of the total nitrogen of the bean plant (Vicia faba) 
contained in various parts during grotvlh. 
(Calculated from data of Anderson, ISOCb.) 





DaS« of sampling (]$ 64 ) 




1 JUM 

1 Julu 

1 Aug. 

1 Stpt. 

7 06 #. 

SNw. 

Boola 

20 

22 

7 

8 

d 

11 

St$m 

20 

30 

40 

34 

24 

27 

Ltattt 

60 

42 

46 

33 

19 


Flown 


6 

4 




FruiU 



3 

33 

4S 

62 


which they could be calculated. The expression of tho results on this 
basis often provides a dearer picture of changes in developing organs, 
in particular of the relations between protein and non-protein nitrogen, 
than is possible on a diy-weight or fresh-weight basis alono. Data 
expressed only per unit dry-weight or fresh-wight may mask relation- 
ships apparent on a per plant or per organ basis, which ch'minatcs tho 
effect of other processes going on coacurrcntly, c.g. largo accumulations 
of non-nitrogenous soh'ds in developing seeds or loss of wafer in tho 
later stages. Many workers fe.g. Arcndt, 1859; Pfeiffer, 1870; Dcicano 
& Bordeianu, 1933; Vickmy, Puclicr, Leavenworth, & Wakeman, 
1935) have stressed this point, but it remains worthy of mention as oven 
now some papers report developmental changes in composition on a 
dry-weight or fresh-neight basis only. 

Some aspects of tho work by Emmeriingaro summanzed m Table 13 
(absolute amounts) and Table 14 (distribution of nitrogen bct««n 
different organs). In tho early stages of growth about 00 per cent of tho 
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Table 13 


Changes in folal nitrogen {mgjplant) in larioas parts 
of the bain plant (Vicia faba) during gronth. 
(Tabulated from data of Emmerlins, 1000.) 


DoU oj sampling (ISSO) 

“SJIoy 0Jan« 12 July 26Ju/y 10 JuJ. ZO AaJ. lOfejX 235<ji 

B&CrU 
Sums 
Ltares 
HvUs 

Steds 

TOTAL 35 77 233 352 520 CfiO 


45 

149 


32 

39 

43 

6S 

35 

94 

ICl 

102 

57 

C3 

37 

35 

19G 

435 

442 


rutrogen of the plant vras in the leaTCa; this proportion fell rapidly 
fruit development started and nitrogen, was laid down in the »e^- 
Some nitrogen, may also have been lost in fallen leaves. The abaO a c 
nitrogen content of roots and stem increased steadily throughout^ ® 
experiment; their proportion of the total nitrogen of the plant declin 
owing to more rapid increase in the fruits. In the early stages 
development, nitrogen accumulated in the hulls; later it decreaaca 


Table 14 

Percentage of the total nitrogen of the bean plant (Vicia faba) 
contained in larious parts during groicth. 
(Calculated from data of Emmerling, 1900.) 


Roots 

Stems 

Ltavts 

UtAU 

Steds 




Dais i 

yf sampling (18s0) 



25 2Ia’j 

9 Juns 

12JiJy 

25 Ju/y 

10 Aug. 

30 Am?. 

\0Stpir 

23 

18 

9 

7 

6 

6 

6 

15 

23 

19 

16 

13 

12 

14 

50 

59 

64 

45 

31 

15 

8 



6 

15 

12 

3 




2 

17 

3S 

52 

67 


there, being presumably translocated to the seeds. A similar temporary 
storage in the hull of nitrogen subscquentlv transferred to the seeda 
has \xxn noted by other ■« orkers (Pfenninger, 1009; Schellenberg, 15^*^' 
Bis^n k Jones, 1932; 5IcKee, Robertson, k Lee, 1055). The huU aL-o 
acts as a rt^ervoir for carbohydrate. The leaves probably supp’ded 
most of the nitrogen moving to the seeds from other parts of the phm^^ 
The total amount lost from leaves and hulls was much less than tha* 
gained by the seeds Tlie total nitrogen of the plant was trebl«?d, hy 
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untako from roots or root-nodules, after fruiting began (Table 13) 
Thcso results, wlioro comparable, agree reasonabty ueU mth those of 
Anderson (18006), except that in his experiment the stems accumulated 
more nitrogen early in the season and released some of it later 

The distribution of nitrogen between different parts of the tobacco 
plant throughout its life-history baa b^u retried by V^ry. Pucher 

variation. The of soluble nitrogenous 

plant, a contrast with ^ 

material to developing frm 1953), cotton 

bergor & Von f 1^33). 

(llaskcll & Mason 1930), and bj y y,, j, con- 

In maize, about 70 per oen p^^ „,.„t 

eentrated in the mature gra . y ( poUination. 

of this nitrogen came from translocated to the seeds 

The leaves supplied 00 per cent y^^^tem28 percent, and thohusk, 

tromnbove-groundpartsoft p . morphologically 

which appears to b^^ff^'^Jeenf. Urea supplied tluough 
analogous to the hull of . flowering increased tho protein 

the leaves of wheat plants at t ^ obtained by 

content of the grain; 19S4). 

spraying a few weeto before g ( chestnut 

Deleano & Bordeianu (1933M^ p,.rt of their 

{Aesmlus MppoMstonam) the ‘ period a 

litrogen to the branches ^“Xten lten; of the developing fruits, 
rapid increase occuired in the g senescent leaves. 

wLh probably drew tor snppto i l^^ 

Gaumann (1935) muoir nitregen as w as used late m 

in the spring required five tim ^ sstnm ‘b 

the season to form flowers and ^ be fully 

tvea than that -t-Uy ob^^Js for fn>bing- 

several deciduous i.ture but not acaescent leaves 

suecest that for an individual ‘ jost in the fruit crop. 

:Su amounts of nitrogen icaves returns 

Assuming that SO per cent of the 
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to the tree, more than twice the amount used in fruit formation would 
be available from tliis source in the peach trees studied. Apples an 
pears showed on this basis a slight excess of available nitrogen from tne 
leaves; plums and quinces lost slightly more nitrogen in the rui a 
could bo supplied from senescent leaves. The outlay of phosphonis an 
potassium in the fruit crop of these trees considerably exceeds ^ e 
amount recoverable from the senescent leaves, even assuming a ig ^ 
rate of return for these elements. The contents of nitrogen an o ler 
elements reported for the leaves in this work are probably minimum 
estimates. Leaves were sampled for analysis at a stage when t ey 
“showed a tendency to drop'* and might already have returned to 
trunk some of their mobile constituents. 

The data of Berthelot & Andr6 (1891) (Table 15) for the distribution 
of sulphur ill Sinapis alba at successive stages of development show a 
picture very similar to that outlined above for nitrogen. There is ^ 


Table 15 


Distribution of sulphur in deteloping plants of Sinapis alba 
(Calculated from data of Berthelot & Andrd, 1891.) 


27lfoy -lJuM 24Jun« \5Jvty 

{BtJoTtfitywenng) {Beginning oj {End oj JUmering) [Fruiting) 

fioKenng) 

mg S Per cent oj mg S Per cent of mg 8 Per cent of mg 8 P^r cerd of 
per total per total per total per toto 

plant 8 plant 3 plant 8 plant ^ 


Boole 0 3 12 

Stems 1'3 S2 

Leaves 0 9 30 

Jnfiorescenees 


S8 34 

4-4 25 

5 3 31 

1 8 10 


2-2 3 

34-3 41 

24 5 29 

23 4 27 


1-2 
11*8 
9 0 
42-1 


2 

18 

14 

63 


TOTAL 2 5 17-3 84 4 

S«xU at plonlmg oo 15 Apnl contamedO 02mg Sjseedlujgs i 


64-1 

12 May contained 0 4 mg S* 


rapid increase in absolute and relative amounts of sulphur in the inflores- 
cence and the fruits formed from it. The sulphur transferred to the fruits 
comes lai^ely from the stem, ivhich is a temporary storage organ. 
The sulphur of the leaves decreases sharply in the later stages; some may 
bo lost by leaf-fail, as tho total sulphur of the plant falls at this time. 

C. Compounds found in conducting tissues 

There has been much controicrsy regarding tho relative importance 
of phloem and xylem as conducting tissues for organic and inorganic 
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substances. Hero it need only be said that in both tissues the occurrence 
of conduction seems to be ucll established in some species and under 
some conditions. The nature of the compounds found in both phloein 
and .nylcm is. therefore, relevant in considenng the phenomena of 

"°"sovS'authora (Dixon, 1933; Moose, 1038; Ziegler, 1956) found 
Phloem sap to contain much sucrose and little orgame mtrogen, though 
l“eil ivero present. JBttler (1933) detected by paper chroma^ 
eranhv asparagine glutamine, and 10 other amino-acids m the phloem 

rpfrLlnm\tr;Lv(Mx,atseaso^vvhenalj^^ 

to'^or from the leaves might 

either actively growing or ^nosee . ? glutamine, and the 

mature leaves contained only 7, Wer (1956) found in the 

corresponding diearbo.ylio of 

phloem sap of Acer pkimmda a glutamio acid, in autumn 

amino-acids, especially aspar lo mi jg^^es were 

when loaf-faU w-as s„p of the vino IVilis vinifera) 

mature but not senescent. citruUine (Moyer-Mevius, 1969). 

contains relatively largo jyiem sap. Anderssen 

Nitrogenous compounds f and anJde nitrogen, 
(1929) recorded ^„t,,o^ylemsapofpearandapricottree». 

together with traces of nit rate, in y tl,i5 sap contained 

Bollard (1953a, i, 1957a) found th P P 20 pg three weeks before 
10 ug N/ml during the winter. increMmg ^JO « 
flowermg and to 150 PS /o'- ^ ooriy autumn had returned to 
traliou then g-dually 'ieclined jd by - ^ present 

the minimum level The gW™” 

were asparagine, glutamne, detected. Surveys eovemig 

amino- acids and probably pepMd«were^^^^ 

numerous species ^U,or wide range of mtrogenous 

BoUard, 10576, c) liave „t the xyl=m sop. particularly 

compounds to be important compounds include 3^- 

in spring, in different acid, asparagine aspar^m 

acetylomitbine, alamne, asetidine- 2 -carboxybo acid 

acid v-aminobutyno acid, . phenylalanine, senne, and 

Xidlino, glutamic acid, kes, allantoin, and allantoic 

vabne. The importance °«be^^ mdicated by the high 

acid, as mobile forms of >“‘"“8 y, represent in “P“‘“' jf! 

of the total soluble mtrogen ^ ig3S, 

Acer pseudophUenus and TF«Ior. 
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fichevin, Brunei, & Sartorius. 19 tO). Peptides arc also ^“rded, e.| 

ill ^Iccr saccharum (Pollard & Sproston. 1054) and m maize (Fej 

Smo data are available on nitrogenous constituents of tlio xyi™ 
sap in herbaceous and semi-uoody plants. Nitrate is 
ficant amounts in some species, c.g. cotton 
Haskell, 1931) and various grasses (Picrro & Polilmail, 1933). 1 
also in xylem sap ot some woody species, e.g. „ 

(Sideris, Krauss, & Young, 1937) and the vino (VUis '■•‘uyera), w 
Wormall (1924) found almost all the nitrogen to consist of lutrate p 
small amounts of nitrite. In the peanut (Arachi^ 

nitrogcuoua constituent of the sap is ymetliyleneglutainino ( 'ow ^ 
1954a); in the pumpkin {Cucurhila pepo) numerous amino-aci 3 ar^ 
found, tho most important being alanine, y-aminobutyric aci , 
glutamic acid (Kulayeva, Sitina, & Kursanov, 1957). Nitrate, 
represents 80 per cent of the total soluble nitrogen (Krctovich, i c\ s ig 
ncyova, Asoyeva, & Savkina, 1959). In cucumber and tomato (Van ic, 
1958, 1969) glutamine U the dominant nitrogenous compound. In t le^ 
species tho sap contained much pyruvic acid and a*ketoglutaric aci » 
reducing sugars being almost absent; xylem sap of pumpkin a 
contains abundant pyruvic acid (Kursanov & Kulayeva, 1957). ' ® 
Die (1959) recorded a largo diurnal variation in the amino-acid conten 
of tho xylem sap in tomato plants grown in strictly controlled environ 
ments. The causes of this rhythm are obscure, but it suggests that 
substances affected are active metabolites. Variations duo to exte 
conditions are probably superimposed on such endogenous rliythms 
natural conditions. Combes, Brunei, & Chabert (1942a) cultivate 
plants of Veronica anagallis at several light intensities. Amides pr® 
dominated in the soluble nitrogen of plants g^o^vn in full sunlight, hu 
ere largely replaced by nitrate at low light intensities. At intermediate 
levels of illumination, both nitrate and amides were found. Nitrate 
disappeared at tho beginning of flowering, except at very low lig^^ 
intensities. 


In barley, tomato, suiiflovvcr, bean, and willow, phosphorus moves 
in tho xylem sap partly as moiganic phosphate and partly in organie 
combination (Tolbert & 'Wiebc, 1955) The organic phosphorus com- 
pounds ^\ere not identified, they were neither phospholipids nor 
phosphates. Sulphate seemed to be the only mobile form of sulphn^ 
Pejdr (1957, 1958), honever, detected methionine and glutathione m 
bleeding sap of maize, especially at the start of active groivtb, ® 
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llo\\cring, and wliilo tlio grain was ripening. In sugar beet methionine 
moves from the roots to tho shoot (VJasyuk, Koamatyi, & ICIimovita- 
kaya, 1957). Reuter {1957c) showed that in bleeding sap of NicoHnm 
ruslica ghitamino and asparagine, prominent at most stages of develop- 
ment, A\cro overshadowed at floucring by alanine, y-aminobutyric acid, 
and proJine, ^^•}nch at other times were minor constituents. Various 
workers, c.g, Dauson (19425), HielvO (1942), and Wada, ICisaki & 
Ihida (1959) found alkaloids in bleeding sap, thus providing a link in 
tho chain of evidence for tho root as a major site of alkaloid synthesis. 

Enzymes may pass from ono part of tlje plant to another, though 
transport of protein as such is not dearly established. Sisakyan & 
Kobyakova (1951) suggested that enzymes (invertase, pbosphorylase, 
piiosphoglucomutase) moved to new leaves on sprouting sugar-beet 
roots, and from senescent leaves to tho roots in autumn. These con- 
clusions are consistent uith tho changes reported in enzyma.tio activity 
in different organs of tho plant during development. Enzymatic pro- 
teins Juay, however, bo hydrolysed and the b^eakdo^y3l products 
translocated for rcsynthosls elsewhere. 



CHAPTER 16 


THE CYCLE OF NITROGEN IN NATURE 


A. Geochemistry of nitrogen 

All living matter known to ua contains nitrogen. Very numerous 
nitrogen compounds are recorded in organisms, and the true total mi^ 
be much greater. All living species (the number now may be of t e 
order of 10®) probably form distinctive proteins and nucleic acit^, an 
perhaps other special nitrogen compounds. The chemical versatility o 
nitrogen is further emphasized by a vast array of synthetic compoun s 
pteparedin the lasthundred years. Thereactivity of nitrogen compoun 
contrasts ■with the chemical inertness of the free gas. It is not clear 
why the gas is so inert. The nitrogen molecule is generally held to 
contain, a triple bond. This might be expected to be unstable an 
reactive, but one of the most stable bonds that nitrogen atoms enter 
is that Unking them in pairs as the nnreactivo molecule of the free 


Most of the earth’s nitrogen occurs (Redficld, 1D58) in the atmos- 
phere, ■which has roughly 3*8 X 10^ g (3-7 X 10'® long tons) of the 
element; sedimentary rocks contain rather more than one-tenth of th^ 
amount, probably arising largely from organic materials deposited m 
them; the ocean contains 2 x 10** g of dissolved nitrogen and, of 
greater importance for marine plants, 7 X 10' g of nitrate nitrogen. Most 
of the nitrate is in deep water; near the surface it may be almost 
completely assimilated by plankton. Deep nitrate-rich water wells up 
•n certain parts of the ocean; surface currents also tend to equaUzo the 
concentration in different areas. 


The origin of the nitrogen of rocks is uncertain. In sedimentary rocks 
it is often supposed to arise essentially from organic remains, but 
Stevenson (1959) reported that m both shale and granite half of tbe 
total nitrogen was held m the lattice structure of sihcate mmerals as 
ammonium ions, which he considered an original constituent of the 
mineral rather than a casual replacement for some other ion. Abelson 
(19u46) reported briefly the isolation of alanine, glutamic acid, and 
%almo from Ordovician and Jurassic fossils. Lehmann &, Prashmowskw 
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(195'J), i.i rfudics ivhich they described as palaeobiopocliemical, 
detected a coiisidcrablo range of amino-acids in fossils dating from the 
Lower Devonian to tlio Tertiary, or in the rocky 
them. Arginine, aspartic acid, asparagine, glntamio acid, hist.dme, and 
sta^wmo found regularly: alanine, glycine, isoleucme, leucine, and 
iZ occuL spomdieflly, proline, serine, tooiimc ^-ne 

surrounding rock, but tlio acioa p authors, these amino- 

unchanged. It is possible that, m s a later absorption 

acids arose from tho tissues o ossi however, not to be 

„famino.acidsf.mdee„— 

mated to bo 250 million years old. 

B. Nitrogenous compounds by jjarggraf 

Tlio presence of nitrate in rain and snow^^P 

(1701-07), Saussure (1804) showed that the 

workers, e.g. Jones ( )• tjoi, was detected in sea water by 

atmosphere contained ^ „„ atmospheric ammonia hy the 

Mareet ( 1822 ). Attention ,™to^e^»^_^^J„f^t„ganforplante 

claim of Liebig (1843) Lawes, Gilbert, & Warington, 

Work at Eothamsted (Way. 185 .1» ^ ^3^2; Boussingault, 

1881) and in France ^ „as available in this way thim 

1854, 1858) showed that le^ information on the amounts o 

Liebig supposed, and in rain. Combined mtmgcn 

ammonia and STaU and variable amounte t ^ 

occurs in the atmosphere only ‘" ^lems of plant nutrition t han 

nevertheless, more directly "’’rT^XuIar nitrogen. Several workers 

Zgreatinertmassofatmosph^emo 1352 

Way 1865; MiUer, l»“-»’r“*Jred data on nitrogen compo^ds 

Less extensive data atmosphere, j 1900; 

in gaseous or Hamson S Beitrand, 

1852a; Anderson. I9U 1937). sulphur (Gray, 

Wood&Wilsmoro. 19-^.-^ 
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1935. Alwaj. Marsh, & Methley. 1937. Bcrtramson, Bned. i. Tisdale, 
1950), bromine and iodine (Marehand, 1852, Chatm Cauer, ^ 
calcium and magnesium (rarcy. 1031, Bertrand, 

(Anderson, 1945. Bertrand, 1945), and arsemo (Xhons ^ J 

and m part sulphur, are attnbutahle to atmospheno pollution y 
actmtes. most of the other element hsted reach the atmosphere 


mainly from the sea , 

At Eothamsted over the period 1888-1916 (Bussell & Eicharos^ 
1910) the average amount of mtrogcn reachmg the soil as ammom 
was 2 04 Ib/acrc/year (2 96 kg/ha/year), almost exactly half this amoim 
was received as mtrate The ram contamed on tho average ° ^ P ^ , 
of mtrogen as ammoma and 0 2 p p m as mtrate In cities vnth mar e 
atmosphcno pollution, such as London or Newcastle on Tyne, e 
ammoma content of tho ram was higher by a factor of about six, 
nitrate waa much less affected The total mtrogen reaching t e so 
per unit aiea tends to increase with the annual rainfall, indicating ^ 
tho concentration of combmed mtrogen m ram is independent ^ ° 
total rainfall The amount of nitrogen reaching the soil as nitrate an 
ammomum hes usually between 2 and 10 kg/ha/year in Europe, figures 
in this range are recorded for other parts of tho world, but observations 
are comparatively few There arc suggestions m both the northern 
(Angstrom A HOgberg, 1952) and southern (Anderson, 1916) henii 
spheres of a lugher combined mtrogen content in tropical than in polar 
air Snow appears to scrub nitrogenous compounds from the atmosphere 
less efficiently than ram (Shutt, 1908, Herman (L Gorham, 1957) 
Isitnto occurs m ram, but its concentration is low compared 
that of mtrate (Hudig, 1912, Anderson, 1915, Drover Barrctt- 


Lennard, 1950, ilcjer Sc Pampfer, 1959) 

Several observers have found appreciable amounts of orgamcalI> 
combined nitrogen (usually cited as albuminoid N) in ram Tissandier 
(1876) detected orgamc matter in snow collected m Pans Berthclot 
AndnS (1887a) found ammo mtrogen to represent up to 75 per cent of 
tho total lutro^jcn m ram collected at Meudon (Prance) At Eothamsted, 
orgamc nitrogen m the ram almost cxactl> equalled mtrate lutrOeCU 
(Miller, 1905) Ram collected at Lincoln, New Zealand contained 
V ana bio amounts of orgamc mtrogen but always considerably less than 
that present as mtrato (Gray 1888) Iho high figure of 5 4 lb organic 
N/acre/>car (0 05 kg/ha/>ear) is reported for Sylhet, India (Das, Sen, i- 
Pal 1033) this represents 05 per cent of tho total mtrogen Dio 
total amount of nitrogen may bo correlated \sith tho high rainfall at 
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Sylhet^l55 inches (3,950 mm) in the year when the analyses '^m'l-de. 
Wilson (1950a, b) found that snow coUeoted in New Zealand at altitudes 
between 4,000 and 8,000 feet (1.200 to 2,400 m) had a large part 
(up to 90 per cent) of its nitrogen in organic 

TeL occur in minute amonnte in rain (Fonselius. 1964) and in the 
atmosphere (llunczak, 19G0). 

C. Origin of the combined nitrogen of the atmosphere 

SOUBCES OF ATMOSPITERIO NITBATB 

V 1 ,1 that, after the demonstration (Cavendish, 

Way (1856) „„ks acting on a mixture of 

1785) of nitric acid formation by attribute a similar origin to 

nitrogen and oxygen, it ^ nopular; its chief defect is 

tho nitrate found in ram. This ww i ^ discharges may be 

that, although lightning and per p ^on-ejation 

supposed to form some mtrate ed down in tho rain 

appears to exist between the amoim „f thunderstorms there. 

at a particular place and the nu pbotochemicel oxidation by 

An altemativo source of nitmto 

ultra-violet radiation “a L some time but little firm evidenco 

This possibUity has been , Qjiaation of ammonia to mtrate 

for or against it has been f„,ai 3 of combined nitrogen 

would affect only the o^dation of nitrogen would, 

without altering their “““mbtaed nitrogen, 
of course, increase tho supp y j although the reaction 

Lewis & Eandall (1923) conditions, tho formation 

proceeds at an insignificant sperfin^ ^ energy. 

of nitric acid from its elements ' ^euld remove aU oxygen 
This reaction, if equilibrium were ^ terrestnal watem 

from tho atmosphere and conv expressed the hope a 

by some workers on nitrogen ammonia or 

from gaseous nitrogen y nitrogen-fixing organis ■ 

genouf compounds formed l^y - ^on are thus eq^",y 

Lers and nitrifiere worUng » .^o 

“natural catalyst’ SiMO t^^ no net aceum 

biological nitrate tedee‘'»‘ 

nitrate occurs on a worl 
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{h) SOtniCES OF ATMOSrilEBIC AilMONlA 

Ammonia readies the atmosphere in several wajs wlioso occurrento 
is reasonably well established though much uncertainty persists 
regarding their quantitative importance. Schlocaing (187i^, b, c, < ) 
considered the ocean as a reservoir of ammonia ivliich diffused to the 
atmosphere and was transported by winds to the continents, n \ 
was absorbed by soil, or directly by plants, as neil as being nash 
donn by rain. His estimate for the rale of ammonia absorption by the 
soil seems improbably high (40 kg N/ha/ycar: 3G Ib/acrc/jcar), even 

higher values are, honever, suggested by Ingbam (1950a, 6). 

Muntz & Aubin (1882) analj'scd air collected at 2,900 m (0,500 feet) 
on the Pic du ilidi and presumably uncontaminated. It contained an 
average of 13 /ig/Utre of ammonia. L^vy (1880) found about double t 
amount as the average value for a scries of analyses made throng ou 
the year at Montsouris (France). These values arc small but appear 
(Eriksson, 1952) considerably higher than the equilibrium value 
calculated from the ammonia content of the sea. If the sea is the mam 
source of atmospheric ammonia, diffusion cannot be the main means o 
transfer. Another possibility is spray, which is known to be came 
inland for long distances and to transport large amounts of soluble salts, 
which accumulate in arid areas. Lemcry (1693), observing that although 
rivers continuously cany dissolved salts to the sea, its salt content does 
not appear to increase, concluded that some process must return salt 
from the sea to the land. This process he found in the transport inland 
of spray and the deposition of its salt on the ground, ilore recent workers 
(e.g. Wood & Wilsmore, 1929; Anderson, 1945) have clearly shown that 
important amoimts of chloride are transported in this way even for 
hundreds of miles inland. If the spray has the same composition as 
sea water in bulk, it could carry only insignificant amounts of ammonia- 
There is, however, some evidence that in the sea ammonia is adsorbed to 
particulate matter which tends to concentrate at the surface (Cooper* 
1948); a comparatively high concentration of ammonia has also been 
observed in the surface layer of lake water (Karcher, 1939). Whatever 
the relative contributions of spray and of diffusion may be, the sea can 
hardly be a major source of atmospheric ammonia as the ammonia 
content of rain in seaside localities is generally low. Miller (1913) found 
the ammonia content of rain collected close to the sea in the Hebrides 
and Iceland, mostly at Hghthonses, to be low compared with sample® 
from other British localities with little atmospheric pollution. 
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'the decay of orgaiiio rcsidacs must yield krgeamooats of ammonia, 
but comtwrativcly httio of tim can reach the atmosphere. Much of the 
decomposition occura in soil or in u-afcr, ivlicre gaseous aminoiiia is 
likely to bo absorbed. Tiiia source no doubt supplies some atmospheric 
amuioma; its quantitatiro importance is difficult to assess, but unlikely 
to bo largo. Plants are kno^vn (Klein & Steiner, 1928; Steiner & Lcffler, 
1931) to give off small amounts of gaseous ammonia from their leaves 
and flowers. Tlxia continuous source may be more important than is 
generally recognized. 

It is possible that in natural conditions, particularly in dense 
vegetation, ammonia is largely reabsorbed by plants or by the soil 
instead of rcacliing tlio general store in tho atmosphere. Berthelot & 
Andrd (18876), however, observed a constant emission of ammonia from 


grass-covered soil. Tlio respiratiojr of animals may also contribute some 
gaseous ammonia. Tho subject has been studied over a long period, 
but no dear picture of tho amounts involved has emerged, llarcband 
(1844) stated, without experimental data, that the frog produced 
gaseous ammonia. Regnauit & Reiset (1849), in an elaborate report on 
very careful studios of respiration in the dog, rabbit, and fowl, recorded 
a consistent but very small output of ammonia. Lessen (1885) and 
Ransomo (1870) confirmed this in man, though with reservations as to 
its metabolic significance; decaying food residues in the mouth and 
carious teeth were suggested as possible sources. The matter was taken 
up again by Robin, Travis, Brombeig, Forkner, & Tyler (1959), who 
concluded that the mammalian lung excretes only very minute amounts 


of ammonia, and these irregularly. 

The main source of ammonia in tho atmosphere is probably com- 
bustion of organic matter. Its importance is suggested by the high 
ammonia content, arising teigely from the bunnng of coal, of the 
rainfaU in industrial regions, and also by the substantial amounts of 
ammonia recovered from coal burnt in gas retorts and coke ovens. 
Black coal contains about 3 per cent of lutrogen; lignite about I per cent 
(Bamacbandran, Mukherj'ee, & labiri, 1959). In regions where dried 
dung is used as fuel its nitrogen must supply appreciable amounts of 
ammonia to tho air. Esben (1959) estimated that 05 milbon tons of 
air-drv dung are burnt annnally in India. Forest fires are another 
source for which little quantitative information is available; Shutt 
(1016) recorded a high ammoma conlei.t in tho air at Ottawa, Canada, 

after forest fires. - a at x t m 

Volcanic activity also releases ammoma to the atmosphere. The 
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effects may be locaUy important. 

a world scale. Shipley (19106) found ... f f “ f f f aistance 

rain had much more ammonia than that collectc 

away. Remarkably lugh conccntrationa °4“'"TT‘!d 7wilsou 1953) 

p.p.L) are recorded for hot springs m Now Zealand (W 

and North America (White, Sandberg, & Brannock, 

ammonia may not aU bo a not addition to tho “^"^d 

available for biological activity. It may anse m from J 

nitrogen of organic origin contained in rocks near th 

from slowly burning vegetable debris can deposit cry 

nium chloride (Hartung & Bivctt, 1915). , , ri „rato human 

Combustion of organic materials, mainly through dchb 
activity but with some contribution from forest fires, is pro y 
largest single source of atmospheric ammonia. Ammoma 
atmosphere in this way as a final stage in tho decomposition 
matter varying in ago from current active tissue m forest fire 
fossilized plant residues in coal. Burning of coal returns to tiio 
sphere, in a readily available form, nritogen absorbed by p 
earlier geological epochs. 


(c) SOURCES OP ORQAKIO NITROOEN IN THE ATSIOSPHEHE 
A substantial part of the total nitrogen in rain may 
form, iluch of the organic nitrogen of the atmosphere is in 
particles such as pollen, spores, bacteria, and dust carried from ^ 
earth’s surface by ascending currents. Wilson (1959a, b) fonn 
New Zealand that snow at altitudes between 5,000 and 8,000 
(1,500 to 2,400 m) hod up to 80 per cent of its total nitrogen in orgem 
combination. The remaining nitrogen was almost entirely in ammo^^» 
nitrate was low or absent. The snow was sampled at a season ^ ^ 

contamination by plant and animal debris was considered unlme j' 
This assumption may not have been entirely correct; such parti 
travel over great (Ustanccs in the wind, but they probably did no 
account for much of tho organic mtrogen present. The ocean 
accordingly suggested as the main source of the organic nitrogen. 
Tlic transport inland of sodium chloride in spray particles carried J* 
tho wind has long been recognized. Wilson’s new contnbution i3 ^ 
suggest as the source of spray a thin surface layer differing greatly in 
composition from tho bulk of the ocean. This layer is assumed to 
contain planktonic ddbris which, being bghter than sea water, accumU' 
bites at tho surface and contains a much lughcr concentration of organic 
mtrogenous material than tho ocean as a whole. It miaht also reasonab 7 
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ho assumed to be cnriehed in potassium (aceumulated by planktonio 
organisms) and in ammoma. There is some other evidence for a^ 
acenmulation of ammonia in the surface layer of the sea ^ J 

and of fresh water (Karcher. 1939). These suggestions are coMistent 
with the observations (Wilson, I959u. 6) that 
higher pctassinin/sodinm and 

expected from analyses of sea water m bull. This pmces m y 
uously transfer nitrogen and other nutnents from sea 

D. Transformation of nitrogen in the sea 

Rain fading on the rivers. Nitrogen 

pounds and also orgame dc ns sometimes stated 

fixation by marine bacteria, and ® ffj,osoa,hutthisassump- 
to be a major factor in the nitrogen ^ ^so(o6ocfcr and nitrogen- 

tion is not supported by much direct viden^d 

fixing species of mud. The supply of 

Burfaco of other organisms or open sea. though a 

organic matter is likely to limit ^V,lson (10596) would be more 

surface layer of the type e^sag^by 

favourable ‘ban.seA 'vat- m fs known 

seem more promismg as p respect. , 

of the efficiency of marine specif ammab. 

The nitrogenous ‘ tfie sea, break down with the 

and of other organic remains ’.^nes probably ocom 

formation of ammonia; urea, utilised directly by phyto- 

as transient intermediates. nitrate, both knowm to 

plankton; it can also be , plausible ; 

L constituents of sea occurrence in the sea. Hyd^ 

:rrrr::eprocess^-^^^^^^^ 

formations of mtrate an . ^ baolcnal dem 

combined nitrogen but ^in lato (&» ^: S.ci wr " ^ sea 

occurs in the sea (Gran, ^ the nitrogen economy “U 

seems unlikely to bo a major ferfor combined mirogon 

A much more eobstant.al wittdm 
biological circulation results from 
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remams upon the sea floor These are buned in sediments and P re 
sumably account for the nitrogen con 

sedimentary rocks Nitrogen concentrated ,n ^ 

ammals. obtained directly or indirectly from phj-top ankton and 
from the rcsenes of combined morganie nitrogen m the 
diverted to a situation where for geologically long pen^ it t^es n 
part in biological transformations Baetena mnst on the bo tom 
great depths, but their activities are clearly msufficient to 
the nitrogen of the sediments, though they may contribute to 


reserve of nitrate m deep ocean waters 

It IS customary to cite the average nitrogen content of 
rocks as 50 p p m and that of sedimentary rocks as 500 p p m Ac 
values ^ ary widely. HaU L iWler (1908) report figures below 100 p p 
for sandstones and over 1,000 ppm for shales There is no do . 
however, of the generally high mtrogen content of -1 

Some poor soils developed from sandstone may denve ^ , ^hurv 

part of their mtrogen from the parent rock, as on the HankesDU^ 
Sandstone in the Sydney distnet (Hannon, 1950) This rock con i 
about 200 p p m of mtrogen and the soils derived from it 300 to 
ppm Cretaceous and Tertiary shales and sandstones m the Boo 
cuffs (Utah Wyoming) and Tecopa (Cahforma) distnets contain very 
large total amounts of mtrate, probably much more than the mtra c 
deposits of Chile, but the concentration is nowhere high enough or 
profitable exploitation (Free, 1912, Stewart d, Peterson, 191-1) Som^ 
mtrogen once buned on the sea floor is thus released for further use y 
plants after the long cycle of geological uphft and erosion, but 
amounts so hberated arc probably neghgible compared with 
inaccessible store in the sediments of the ocean bed 


£ The nitrogen cycle on land 

Higher plants m general draw their mtrogen supphes from nitro 
genous compounds m the soil The combmed mtrogen of the sod ha3 
four mam sources (i) combmed mtrogen is released, perhaps un 
secondary transformations from the parent rock, (u) ram brings mtrato 
and ammonia, gaseous ammonia mav aloO be absorbed directly fro® 
the air, (m) orgamc matter (leaf htter animal bodies and excreta) 
falUng on the sod is broken donn by micro organisms and its lutro 
genous constituents con\erlcd to soluble compounds asnimdablc by 
plant roots (i\ ) free nitrogen is fixed by free living and symbiotic 
micro organisms Nitrogen so fixed is lar^jCly incorporated into the 
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and Wyoming voro unusually rich in nitrate (I to W tona/ac^ 
0-05 to 0-5 Ib/cubic foot = 0-S to S kg/cubio metro). ^ . ni 1 1 to its 
accumulation of nitrate reported by Hendden (1010, 101 , ■ ) 

concentration in the surface soil after moving upu-ards in ''O 
the underlying rock. This theory, though not elearly 
occurrence of liigh-nitratc Boila in Hmall well-tlefinetl areas, seem 
plausible than the assumption of locally verj- intense fixation. 

Symbiotic fixation can add substantial amounts of nitrogen o ^ 
soil under pastures ivcll Btoeked with vigorous plants of adcquatel) 
nodulated Icguraca. Both legumes and other nodulated plants appea^ 
to play a major part in the nitrogen economy of eomc natural cominum^ 
ties. Bor other communities, Buch as tropical rain-forest, informs lO 
is scanty and Bomewhat contradictorj'. In undisturbed rain- ores 
there may be an almost closed local cj'clo of nitrogen, the amoun 
reaching the boU in leaf litter being in approximate equilibrium w i 
that taken up by plant roots. The very low \rind velocities at groiin 
level within such forests would permit the re-absorption by ° 

any gaseous araraonia given off by the soil, and tho layer of 6 on J 
decaying litter on tho ground would reduce losses of nitrogeno^ 
materials by erosion and leaching. In such conditions of temporary 
equilibrium tho soil might contain enough available nitrogen to depress 
the formation and activity of nitrogen-fixing nodules. If this picture JS 
correct, the nodules of leguminous forest trees provide a regulatory 
mechanism capable of restoring nitrogen lost when the equilibrium 
disturbed, or of improving the nitrogen status of newly devei pt- 
communities, but not very active in well-established forest. This wo 
be consistent with observations (Bonnier, 1 957 ; Bonnier & Sceger, 1 J / 
that in tropical forest leguminous trees may lack nodules thoug 
potentially capable of forming them. 

Combined nitrogen is lost from the soil in several waj'S. 
denitrification occurs but its quantitative importance is uncertain. A i 
main losses are probably by erosion and leaching of the soil, which lU 
part redistribute combined nitrogen over the surface of the land, bu 
finally transport it to the sea, representing for practical purposes a 
permanent net loss to land vegetation. Erosion and leaching may no 
remove much nitrogen each year from the soil below closed and stab 
plant communities; their importance is much greater in open communi^ 
ties and on soils disturbed in any way. It is probable that transfer o 
nitrogen from land to sea exceeds the amount moving by various 
agencies in the reverse direction. 
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F. Effect of human activities on the nitrogen cycle 
Agriculture is a major interference with the vegetation , 
The precise place and dateof its invention areunkno^ bu 
that! the last ten thousand years or so it has 
landsurfaceofthe earth, profonndlymodffymgsoilsandplai 
ries Sivated land differsirom virgin country in many wa 

important aspect is that removal of crops 
elements, including nitrogen. In a stable ^ 

net annual loss °f“‘™^'^“J“,Xtantial’ amounts of m 
a crop, such ns wheat, re wralian conditions, w 

the soil in each r™® “^h^t are particularly high, t 
yields nor proton “Utent «f w ^ N/ha, 

be roughly estimated at / the see 

this should he The allowance for mtroger 

3 lb N/aore received in rainfall I jtemntewith fal 

rainfall should be doubled if wheat P „ IPS ib 

amount removed ‘I'enbecomes 23 bN^^P. 

(13 kg/ha/year). T*''" . „on-symbiotic feers wi 

by legumes during the ftUo J ' ^heat-belt condition 
some contribution but in Aus gradual impovi 

to be small The most ^ compar 

the soil in nitrogen the 

higher yields, of course, ac m i 

similar for other cereals exrept may be 

soils where fixation “f '"‘”’8 . JTbe less 'vith pid 

The drain of ‘Lion may even improve ( 

leguminous crops; them '“'LLever. necessarily the cas 

status of the soil. This « “LJoIthe nitrogen of the pl< 
removed in the crop. .ia the roots and fror 

general is drawn both from the sou 

the root-nodules. of nitrogen from 

Grazing also removes bodies of stock sold 

. uLr wool, ana 1*1*’ i. ..r i/.fvfimc 



on 13 ^ .fti 

return of mtrogeu avaUable to '«P“ 

plants, and may provide an e j„,stnrc3 large 

Lughed up. On in antaal cvcreta; 

nitrogen are retume o ,,,, good nitrogen s 

urea and urie acid, both known 
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Addition of 8upcrpho,phato to a Bmall tah-tvater 
1041) led to a M.l.stantial increase in its total nitrogen content, pro 
sumably tlnough tl.o increaserl activity of -1 on 

bluo-grccn algae. The effect appears analogons to that occurrn g 
land when legume-containing pastures nrc fertilized with si I 

The methods now considered desirable for the disposal of human 
excreta transfer large amounts of nitrogen and other plant nutricn s 
from land to sea. Human manure is, of course, a familiar fertilizer m 
many countries; the traditional methods of application arc. 
suspect from the point of view of public health. Altcmati^'C meth 
avoiding losses to the sea without spreading pathogenic organisms are 
possible and may well be adopted in the future. In the meantime, 
fishing obtains from the sea substantial amounts of human food, thus 
recovering as protein a part of the nitrogen leaving the land in forms 
less suitable for human food. Losses of combined nitrogen largo cnoug i 
to bo a serious drain on the agricultural capital of the land would lia%e 
only a marginal effect on availoblc nitrogen in the sea, and cannot be 
condoned as a transfer from one productive area to another. Some areas 
ate already over-fLshcd, but the total production of marine foods could 


probably bo much increased 

Ko land animal other than man recovers much nitrogen from the 
sea, but gregarious fish-eating birds deposit it in large amounts m 
droppings which gave rise to guano and probably to the very important 
rock phosphate deposits of Nauru, Ocean Island, and Christmas Island 
(Indian Ocean). If rock phosphate arises from nitrogenous organic 
material, nitrogen is presumably lost by leaching or volatilized as 
ammonia or ammonium carbonate. A marine origin is possible for the 
nitrate deposits of Chile, which occur in almost rainless areas and would 
be dissipated by even moderate rainfall. Their origin has been much 
disputed without any explanation being generally accepted, iluntz & 
^Tarcano (1885) and ^luntz (1887o) suggested that accumulations of 
organic matter (excreta of sea birds, or fish killed in some catastrophe) 
formed ammonia which by bacterial action led to calcium nitrate, 
converted to sodium nitrate by double decomposition during en 
incursion of sea water. The iodate (Lembert, 1843), and bromate 
associated with the nitrate were attributed to biological oxidation of 
iodide and bromide. Daring microbiological nitrification iodide is 
oxidized (Huntz, 1885) to iodate, now recognized (Sugawara, 1955) as 
containing most of the iodine in sea w'ater. 
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Tho low phosplmte contont of the nitrate deposits requires explano 
tion if thoj nroso from animal matter The nitrogen/phosphonis ratio 
presumably vanes from species to species but the range <>f 
Lynotbcgreat m man.t isclosoto 3 (llitehell Hamilton Stegge da 

1 Bean similar values are reported for « 

remove ammoma or f f 

transportedmgroundnateranddepositedatthesiirla r ^ 

in dry areas this avould 

not tho eompleto disappearance of the latter P unpromising 

hlgliernitrogen/phosphorusratio(16ora ^ atmosphenc 

raw matenal owing to their ^pHy the prlem 

ongm for the mtrogen of the elsewhere 

m some ways blit impbes an intensity of haatie ^ 
evcept perhaps in the peculiar conditions rep 

soils (Headden 1914) of many points Indust 

Human activities affect the mtrogen y nsn „f „,trate 

nal Bnation of atmosphenc mtrogen ®" deserts increase tho 

formerly locked up in waterless on pjiosphatic fertilizers 

supply of combined mtrogen ma^cult niicronntrients 

fortified m some areas with mo y e phosphoms probah y 

increase fixation by cultivated through plankton and fis 

comes ultimately from the sea P“ source of phosp la e 

before accumulating m sea bird PP ,5 another >“P”^“” 

deposits Selection of efficient rhizobial tiese positive effects 

means of encouraging symbiotic “ ‘ ^ mtrogen by leachmg a" 

must be set increased losses of com a,t„ral and forestry 

erosion which may m part be m e jj^oidablo imnimum ra es 
practice but are often far above contrasting P™"® jj 

accurate estimate of the net effeet to establish 

possible the available data are jatroven on balance j^g 

Ltainly whether tho land J. ”;froni the atmospk® P'” 

likely that losses to the sea exceed j gcmly established 

amounts returned from the sea u 

G Nitrogen supplies 

It IS usual in studying nu n i of protein pc jjjnount 

menta for nitrogenous maten “Nitrogen ^“*' **^^ ^*!gverv small 

of the essential vitamins also con . yppivofTitami . ^ being 

oftheelementrequiredforanadeqo^^ ^ 

Protein per se maj not be an essentni 
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replaceable by mixtures of about ten of the twenty common 
amino-acids. Experiments with nnimnls (Woolley, 1045; A\om£ic 
Rose, 1946; Maddy & Elvobjorn, 1910; Benton, Spivey, & Elvclijera, 
1957) suggest that proteins give somewhat higher growtli rates t uui 
can be achieved with mixtures of amino-acids. It is not clear 
this stimulation should be attributed to tlie availability in protein o 
useful pre-formed peptides or of other substances, not ncees^ari) 
amino-acids, contained in or ns.socintcd with the protein. In anj 
the maximum growth rate may not be the best in a species not raise 
for meat. 


Tlie key position Bometiraes assigned to protein in long-raCn® 
discussions on human food supplies is thus transferred to amino-acids. 
Protein as euch loses much of its significance, and differences in mitnh« 
value between proteins become largely explicable in terms of t c 
content of essential amino-acids; “essential”, in this connexion, means 
amino-acids that the human body cannot sj-nthesize, or fails to prodne® 
m adequate amounts. This change of viewpoint opens up new possibiU* 
les. n ustrial s^mthesis of proteins from inorganic raw matcris 
seems at most a remote dream; that of amino-acids from Buchmntenal 
nitrogen, and water is now possib e 
availnw° probably be achieved in fact using knowledge no 

.vatoe or obtainablo by eristing mothods. 

protein. A I already exists on the amino-acids presen 

al^no ai 1 ^'^Setable origin to give a better balance 

bccauBc tbc l ™PP’y 

p' hanrcTt A 

ICrishnamurthvV''T™' * Vanderborgbt, . 

than, Sankaran Ganapathy, Eajagopalan. Swa™ 

Bhagavan, Tasfe 1950; Subramanyan, Doraiswa^y 

Tasker, Rao Rajagopalan, & Swaminathan, 

1950) showed bv'^T*^''™’ ^ Subramanyan, 1060). Sebupban (19 ■ 
concentrations of “““'yaes that bi food plants the bigbe 

active tissues. ^mino-acids occur in the metabolically mo 

histidine content nn'^ banana fruit has an unusually o 

a liigh proportion nf ®fa3ting example of a vegetable proteiu 
1050; RamaehanJan’Trif''^''®^"'®”'^ (Bhagavan & Bajagopala • 

blending occurs *®99)- Some degree of beneflew 

“ “5' ““®‘l diet, but its effectivenesfVan be increased 
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by intelligent nso of ammo acid analyses for different foodstuffs 
Suitable mixtures of vegetable proteins may nutntionally replace 
ammal protein m the human diet or at least greatly reduce the amount 
of ammal protein needed Vegetable proteins can also be supplemented 
mth synthetic ammo acids> the amounts correcting partial deficiencies 
would bo small compared with those needed to replace the entire 
protein content of the diet Amino acids could also be obtained by 
hj drolysis of plant products unsuitable for food, or difficult to convert 
to an edible form Difficulties in efficient hydrolysis of protein mixed 
with other material, and m large scale separation of the amino acids 
produced, might, however, make this method less effective than direct 
synthesis The latter can concentrate on the nutntionally cntical 
ammo acids, which in general fonn a rather small proportion of protein 
liydrolysates None of the essential amino acids is as complex chemically 
as some vitamins now industnally synthesized, to play a significant 
part m world nutrition they would be needed in larger amounts than the 
vitamms, but their production on this scale seems practicable The 
metaboho flexabihty of Cklorella may perhaps be utihzed to produce 
proteins containing unusually laige amounts of essential ammo acids 
Cliampigny (1958b) showed that on replacement of nitrate by urea m 
the culture medium of ChloreUa pyrenotdosa the amounts of soluble and 
protein nitrogen both increased, and the protem was richer m arginme, 
lysine, and leuemo Umcellular algae have interesting possibilities as 
economical producers of protein for direct human consumption or use as 
stock food if difficulties m their large scale cultivation can be overcome 
Leaves providB another potential source of protein now httle 
used Their protein is of high quality in terms of essential ammo acids 
but being enclosed in cellulose cell walls is not readily accessible to 
annuals unless their digestive equipment includes, as in mminnnts, 
cellulose digestingbacteria Bfethodshavebeendevelopedforextraction 
of protein from herbage in a form suitable for consumption by non 
ruminant animals, the product could be used directly as human food, 
but IS perhaps more likely to be used in feeding poultry or domestic 


animais „ , 

No hkely assistance from synthetic products wdi remove the need 
for improvements m agricultural efficiency, m view of the increasing 
world population and the inadequate dicta now available in many 
parts of the world Output can be increased by using land not now 
Loted to agnculture A reserve of unexploited land exists in some 
countnes, but most of it offem difficulties for one reason or another 
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Irrigation and correction of deficicndes in minor elements can help 
here, but increased yields from existing farmlands arc still more 
desirable. Better nitrogen supplies for crops and pastures could consi- 
derably improve production. They could be obtained from synthetic 
nitrogen compounds, or indirectly through better growth of nodulated 
legumes. 3fuch has already been done in selecting desirable host- 
rhizobium combinations in cultivated legumes, but great advances are 
still possible in this field, particularly among the tropical species, man3" 
of wbicb have hardly been studied at all. Prospects for marked!}’ 
improving the present performance of non-symbiotic nitrogen-fixing 
soil bacteria seem rather dim; blue-green algae, as yet little studied, 
probably have greater potentialities, being pbotosyntbetic and adapted 
to a rride range of habitats. 

It is unrealistic to consider one clement alone in discussing agricul- 
tural issues. The importance of phosphorus has already been mentioned 
incidentally. Guano, and phosphate rocks derived from it, have made 
great contributions to agriculture over the last hundred years; many of 
the dejiosits are exhausted and the remainder will be within a period 
probably measured in tens rather than hundreds of years. Phosphorite 
deposits arc more extensive, but presumably also exhaustible; they 
are replaced only when geological changes raise the floors of shallow 
8ea.s with phosphate-rich sediments. Present techniques of agriculture 
disperse over wide areas of agricultural and grazing land phosphates 
obtained from concentrated deposits of biological origin; techniques 
of sanitation ensure that a large part of the phosphorus so used finally 
reaches the sea, which also receives phosphorus leached from the land. 
As the solubility of phosphates in sea water is very low, there is a steady 
loss of the element from the biological cycle by its deposition on the floor 
of the deep ocean. Phosphorus rather than nitrogen is the most likely 
limiting factor for biological activity in the sea. 

These considerations suggest that, among the major element.? 
needed by plants, phosphoras is the one most likely to be a limiting 
factor in world agriculture. Potash, deficient in many soils, could if 
necessaty be extracted from sea water, in which its concentration is 
comparatively high. The low content of carbon dioxide in the atmos- 
phere, and the vast amounts of carbon locked up during geological 
history in fossil fuels and carbonate rocks, might suggest carbon as a 
vulnerable element. On the contrary, atmospheric carbon dioxide 
appears to be increasing. This has been attributed to the combustion 
of industrial fuels, but the amounts so produced are small compared 
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" 1 th those used in photosynthesis and other factore may ireli be in 
volved Clearing of forests and thar replacement by crops or in some 
cases by eroded lull sides may reduce the total photosynthesis of the 
earth it may also cause a sudden release of carbon dioxide thronih 
oxidation of liumua m the soils previously protected by forest For 
mation of coal lignite and petrolemn particularly during the Carbom 
ferous period may have marlcedly decreased carbon dioxide in the 
atmosphere as suggested by Brongniarfc (1828) A rather low upper 
limit to the carhon dioxide content ofthe atmosphere is set (Urey 1952) 
by reactions of the type 


CaSiO^ -f CO^ = CaCOj + SiOg 

The use of fertilizers transported from distant sources of concen 
trated supplies is charactenstic of modern agriculture Another new 
feature is increased dependence of agriculture on power and so to a 
large extent on fossil fuels This dependence existed earlier in a much 
smaller degree through the use of tools made from mctol whoso melting 
and fabrication needed fuel Until comparatively recent times the fuel 
used was charcoal dented from timber and so readily replaceable 
Today agriculture uses a wider range of tools and they require fossil 
fuel fuel IS also used m considerable quantity to transport and process 
agricultural products As recently as fifty years ago fanning operations 
were powered largely by the muscles of man and his domestic animals 
though steam power was used on a large scale in transport and to a 
small extent m threshing and deep ploughing Fishing too is non largely 
dependent on fuel powered vessels This industrialization of agriculture 
lias in a short period affected much of the world and is still spreading 
rapidly It has greatly increased production per man j ear even allowing 
for employment in industries 8 Uppl 3 nng equipment and fuel for 
agriculture A tendency towards increased production per unit area 

overthiaperiadisprabablrdaemoretotmproredrsnetiesandUttPTii&o 

of fertihzers than to mechanization The impact of new methods on the 
biological cycles of mtrogen and other elements is not 3 ot clear the 
disappearance of draught onimolsfrom thoagncultural scene removes a 
source of organic manure but the effects of new methods of working 
the land on erosion and leaching may be more important 


H Non-biological processes and the nitrogen c}cle 

The mam features of the nitrogen cscle as it operates todav arc 
determined by the activities of organisms Combined mtrogen enters 
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tLoydettaougheleotricalorphotochcmicMfixaUoni^^^^^^ 

volcanic activity supplicB ammoma of l^.bly 

Photocliemicai nitrification may occur in the soi ( . . 

& Biswas 1933; Corbet, 1934) though it is unlikely to be as imp 
t badSarnitrifieation. Tfitra-violet light induces several changes m 
dissolved nitrogenous compounds, converting both ammonia 
nitrate to nitrite, and Uberating molecular nitrogen from 
nitrite (Bcrthelot & Gaudeehon, 1011). Arapid 

nitrogen to ammonia and to a lesser extent to nitrate has been obse^rt 

in theupper layers of very dry soil in hot weatlier (Lebedyan sev,lJ^ 

Drouineal Lefevre, & Blane-Aieard, 1053). The French workem found 
up to 100 kg N/ha/raontU to be mineralized m this way m localities n 
the ^lediterranean. Soil temperatures were so high and the mois ur ^ 
content (6 per cent) so low that microbiological activity Bcemcd un- 
likely. Wetselaar (1960) attributed accumulation of nitrate in s^nace 
soils during the dry season in tropical Australia mainly to capillary 
movement from lower levels; chloride increased at the same time. 

A non-biological fixation of nitrogen in the soil cannot bo excluded 
but baa never been satisfactorily demonstrated. Loew (1890&) found 
that in alkaline conditions nitrogen and water combined in the presence 
of platinum to form ammonium nitrite. Platinum is not a frequen 
constituent of soils; iron is, and a few scattered observations suggcs^ 
though they do not establish that it too may catalyse a fixation o 
nitrogen. Parker (1955) found an accumulation of ammoma in iron 
wool, in conditions suggesting fixation; further study was difficult 
because the phenomenon was not readily reproducible. Francis (1925) 
noted that rusting iron absorbs water, carbon dioxide, and ammoma 
and could be considered an assembling agent for the elements required 
in protein synthesis. An association between iron and ammonia was 
recorded earlier by Austin (1787) who concluded that "whenever iron 
rusts in contact with water in the open air, or in the earth, volatile 
alkali is formed.” Chcvallier (1828) also found ammonia in rust, and m 
all ofthirteen samples of natural iron oxide of varied origin. Boussingault 
(1829) showed it to be present in iron oxide sampled in silu in a mine. 
Vauquelin (1823) was called upon by the Paris police to investigate 
suspected blood stains on a sword. The presence of ammonia appeared 
to confirm the suspicion, but Vauquelin tested rust from other iron 
objects and found it constantly present. He considered that rust 
absorlxxl ammonia as such from the air, a view that subsequent work 
has failed either to confirm or to invalidate. 
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Mitch thought and more recently experimental study have been 
devoted to processes capable of forming organic compounds before 
organisms appeared on the earth. Giglio^Tos fJDiO) postulated that in 
the pnmjtiro ocean organic compounds formed by purely chemical 
processes provided a substrate for the first organisms. This vierv rvas 
more plausiblo than tlie earlier assumption that they must Ji^ave been 
autotrophic, nith all the complexity that autotrophy implies. Xfc u’as 
put fonrard independently by Oparin in 1024, his irort being greatly 
expanded later (Oparin, 1057), Both these workers pointed out that 
niicrO'Orgunisms would destroy anj' organic substances now arising 
spontaneously before they accumulated to any noficeaWe extent. 
C. Darwin also noted in 1871 that “a proteme compound chemically 
formed. . .\'ouldattheprescntdayboinstantlydevouredorabsorbed, 
\rliich u ou?d not have been the case beibre hving creatures were formed" 
(Danrin, F., 1887), Similar rieus trere elaborated by Haldane (1938) 
and by Dauvillier & Desguin (1042). Several workers have reported the 
photosynthesis of amino acids t» vitro, Dhar & Sfukerjee (1934) 
obtaining them from sugars and nitnifo, and jEggleton (1035) from 
sugars and nitrile. Bahadur (1954) improved the precision of this work 
by isolating aspartic acid, asparagine, glycine, and serine from the 
reaction products of nitrate and paraformaldehyde exposed to sunlight 
with iron chloride as & catalyst, several olher amino-acids were detected 
cbromatographically. Formaldehyde is formed (Sahasrabudhey & 
Kalyanasundaram, 1948) when a silent electrical discharge passes 
through a mixture of carbon monoxide and hydrogen. Bahadur, 
Hanganayaki, & Santaraaria (1958) obtained alanine, glycane, and 
several other amino acids photosjrnthetically from gaseous mtrogen 
and paraformaldehyde with colloidal molybdenum oxide as a catalyst 
There is good evidence, reviewed by Opann (1957), that a wide 
range of hydrocarbons arises by purely inoigranic processes- Hydro- 
carbons under the influence of dectnc discharges react with molecular 


nitrogen. Berthelot (18G8, 1869 ) obtained hydrogen cyam'de from acety- 
lene and moiecniar nitrogen using bntk are and spark discharges; this 
compound is also formed from nitrogen and methane by arc discharges 
(Briner & Baerfuss, 1919, Bnner, Desbaillets, & PaiUard, 1938) 
Hydrowen cyanide synthesis from nitrogen by electric discharges was 
reported for ethylene and acetylene by Versteeg & Winkler (1953fl, 6) 
and for polyethylene by Weminger (1960) Cyanides can also be formed 
without electrical energy from nitrogen, carbon, and an aifcabno 
carbonate. This was achieved by Desfosses (JS2S) and Fotmes (1841). 
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the former citing similar resnlta by Scheele in 1783. Hydrogen cyanide 
in electric discharges reacts -vrith ethylene and other hydrocarbons to 
form nitriles and amines (Francesconi JkCiurlo, 1923a, 6); urea is forme 
in a mixture of hydrogen, nitrogen, and carbon monoxide (Crippa & 
Galotti, 1929). Hydrogen cyanide in contact wth mild alkali forms a 
trimer hydrolysing in both acid and alkaline conditions to glycine 
(Wippermann, 1874). The latter reaction was formulated: 

H3C3N3 + Ba(OH), 4- 2 HjO = CH-OTj-COOH -f BaCOg -f 2 KH3 

Hiller (1955) Bubiected imxtures of ammonia, hydrogen, metlmnc, and 
water vapour to spark or silent discharges for ec vcral days. A complex set 
of amino-acids was formed, the roost abundant being a-amino-n*but\Tic 
acid, a-aminoisobutyric acid, alanine, ^-alanine, glycine, and sarcosine. 
Cultrera & "Ferrari (1959) obtained serine, glycine and alanine from 
sodium nitrite and glycerol or other simple non-nitrogenous organic 
compounds exposed to ultraviolet light in solution at pH 7 and 30*C. 
Sulphur-containing amino-acids conld eri.se from mcrcaptans formed by 
silent discharges acting on mixtures of ethylene and hydrogen sulphide 
(Losanitsch & Jowitschitsch, 1897). Pox & Harada (1958) showed that 
a mixture of amino-acids heated to polymerized to a protein-like 
product of molecular weight 4,900, containing glutamic and aspartic 
acids and small amounts of alanine, glycine, leucine, and other amino- 
acid.s. Adenine and possibly other purines are formed (Or6, 1960) in a 
solution of ammonium cyanide held at OO'^C for 24 hours. 

These sjmtheses all produce optically active compounds in racemic 
mixtures containing equal amounts of the two posaiblo asymmetric 
forms. The presence of one particular configuration is characteristic of 
living matter and was long supposed to be confined to it. Asymmetric 
syntlieses have, however, been obtained in inorganic systems. Karagunis 
& Drikos (1934) used circularly polarized light to perform the first 
total asymmetric synthesis in vitro', similar results are recorded by 
later workers, e.g. Davis & Ackennann (1945). Ostromyslcaski (1908) 
suggested the possibility of artificial asymmetric synthesis using 
asjTnmetric crystals as catalysts. Such syntheses were later realized 
experimentally (Terentyev, Klabunovski, & Fatrikeyev, 1950; Klabu- 
novski & Fatrikeyev, 1951) with asjrmmetric quartz crystals carrying 
a thin layer of a metallic catalyst. Inorganic agencies are thus capable, 
ghen time, of producing complex compounds containing carbon, 
hydrogen, nitrogen, oxygen, and sulphur. The equilibrium concentra- 
tions of organic compounds in aqueous media appear (Hull, 1900) to 
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lie von- low in tho prcsonco of nltra-violct radiation. This further 
cmp laiizca (Bcnml, IDCO) the nerevsty for some assemWing agent if 
e\nitliesi 3 13 to continue. 


Selective production of asymmetrie otgatiio moleoulea from mor- 
game matcriaU is also fcasiblo. Tho probability of its occurrence in 
any given caso is, however, rather low, and tho combined probabibty 
that nil asymmetric compounds, or even tho great majority, should have 
tho same configuration ia cutremcly amall. The ohsorved uniformity of 
configuration among the amino-acids and other nsymmetrio compounds 
of evisting organisms remains a strong argument for their mono- 
jiliyletic origin. If organisms based on D-amino-acids over appeared on 
our planet, they seem to have become extinct. 

Some witers give tho impression of assuming that once a supply 
of complex organic molecules was available Kfe appeared automatically. 
This naive view merely reverses the discredited opinion that only 
Hnng organisms produce organic compounds. Many hypothetical 
accounts of tho origin of life gloss over tho major difficulty by a state- 
ment that ficlf-replicatingmoIecuJesof protein and nucleic acid appeared 
through non-living synthesis, and by an unexplained transition became 
tho first organisms. An inorganic crystal is a self-rophcatiag structure 
which selects from solution tho ions necessary to its growth, and 
arranges them in a definite lattice to form a predetermined structure of 
eonsiderablo size and precision. It is not, however, an organism by any 
likely definition of that ambiguous term. 

Bacteria are sometimes called simple organisms, a misleading 
phrase suggesting an easy transition from a primitive ocean of dilute 
soup to organisms feeding on it and resembhng those familiar to us. 

Tho apparent simplicity of bacteria reflects to a considerable extent the 
difficulty of studying their fine structure. Metabobcally they are 
highly complex and more versatile than larger organisms, many of 
whose basic biochemical mechanisms they possess. Multicellular 
animals and plants have obvious structural advantages compared with 
their unicellular counterparts, but the metabolic sophistication 
associated with hormones and other adjuncts of the complex body is an 
advance in detail rather than ia pnndple. Wo can dimly visualize the 
interlocking complexities involved in co-ordinated synthesis of proteins 
and nucleic acids; it is well to remember, if one wishes to speak of simple 
organisms, that our present ideas on these syntheses, complex as they 
are deal only ^vith a general process modified, in each species ond 
periiaps m each individual, fay precise and delicate control mechanisms 



of whose operation we can as yet form only a vague and speculative 
picturc. 

Viruses may be regarded aa much simpler organisms than bacteria. 
They are hardly relevant in the present connexion; they have little or 
no independent metabolism and grow by diverting to their own use 
the cellular mechanisms of the host. Their existence is thus dependent 
on more complex organisms. A saprophytic virus using dead organic 
matter might represent a truly simple stage in the evolution of 
o^anisms. Such objects are unknown but could easily escape detection 
if they existed; they might be like free-living microsomes. Incon- 
spicuous in form and limited in metabolism. From such structures to 
the simplest cell would be a great advance, of critical importance to all 
further evolution. Aggregation and integration of cells to form large 
organisms opened the way to morphological evolution; biochemical 
evolution may largely have been complete at the unicellular stage. 
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carbohydrate cfftcU on, 18. 
mineral effects on, 134. 
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comparatiN o biochemistry of, 272, 
273. 
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a>;vvrtic ^ tnuU Ichyde, 200, 201, 

Table 0 (184) 

3 iu(urty i{ huDphato, 200, 201. 


aOTmmetnc synthesis, non biological, 
456, 457. 
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bobcenno, 367, Fig. 60 (368) 
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carbamyl phospliato. 210. ^ig- -7 (201). 
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occurrenco of, 162 
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160, 151. 

structure of, Table 4 (142). 

glutamic acid.y-(p-hydroxy} ambde. 
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a-ketoglutanc Mid. 63. 

281, 432, Table 6 (ls3}. 
a-keto-a-guanidovalerw 5 

a-keto-j8-hydroxysuccuuo ocio, 

a.toto%yJ~xy.8-ammovalcrie acU, 

269. , ., ,ai 204, Table 5 

a-ketoisocsproic acid, loh - 

(183). . ,gi 203, 234, 

a-ketoiso valeric acid, lo*' 

Table 6 (184). , 235. 

a.keto.^.mothyluov'^"'””*,^^ jjj, 

o-keto-y-mothylthjolbutj 

250, Table 0 (181). 5 ,,S3). 

a-ketopimeho acid, - j-g. 

a-ketosuccinomio acid. * • 

a-ketovaloric acid, -0- 
kinctin, 320, 356. 
kjmuramino, 239. p 37 (238). 
kynurctue ‘‘cid* -39^1; g ^238). 
l^Tiurenine, ,37--d“» ^ » 
kynaurino, 239. 

lonthionine, 163. l®^* 

S-lactoglobulin, -99; ^ 

Icafnodules, bacterial. 4^* ijj. 

leaves, assimilation of ui«* / 

136 . 


leaves, detached, amidM in, 264-267. 
amino-acids in, 267. 
metabolism of, 264-267, 4-3. 

organic acids in, 20". 

fluctuations m protein of. 419-4-1. 
protein ej-nthcsis in. 31 <-3-I. 
proteins of, 313-31.. 

Smescent. export of nitrogen from 

translocation from, 4ISM20. 
l(«ghaeraogIobin, 54. 
legumelin, 311. 

mineral reqomnjeuuef. 3- 

root nodules m. 68, 69. 

early studies of as crops. 66. 

leucacnol. 168. ^ _ 230 yjg. 

loucino. breakdown of, -35. -5 , 

r oo.» 

formation of' 
„,clabolisraof^^203--05. 

lirueture of. Table 4 (I^J- „ 

with, 212. 

linaroann. 4JU. 
llpoic acid. -34- 

lotamtral;- 

occurrence of- 

(259). , 2J0. 

l>-sopine, 159. 

SS;.:3»S-«iL K....51.13M)- 
^'■SrJSi.T.i.1.31183)- 

^,h)Ula-n b). 

5.oelhoxji 
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3 methozypyndme, 384 
methylanunoethanol, 198, 229 
methylamme 229, 334-386, Toblo 7 
(225), Table 8 (227) 
y methylairunobutyraldehyde, Big 73 
(384) 

N methylanthramlic acid, 171 
o methylaspartio acid, 217 
2 (1 methylbutyryl) thiazole 4 car 
boxyha acid, 305, Big 68 (305) 

N methylcomine, 372 
S m6thylcyst«ino, formation of, 198 
occurrence of, 161 
structure of. Fig 16 (161) 
sulphoxide. Fig 18 (161) 

5 mcthylcytosme, 353 
methylcneasparagine, 153 
3,4 methylenediosy 10 mtrophenan 
thicno carboxylio acid, 414 
/ methyleneglutaixuc acid, 150, 151, I 
187, Fig 4(161) I 

y methylcneglutamme, metabolism of, 

187, 293 

occurrence of, 160 161 
structure of, Fig 4(151} 
y meth^lene-a ketoglutanc acid, 184 
Table 6 (183) 

mothyletbylkctone, 390. 410 
methylethylglycoUic acid 402 
nietb^lethylthetiD, 389 Fig 82(389) 
y roethylglutamio acid, 151. Fig 4 
(161) 

metnylglutamme, 161 
N motbylbistidrnes 149 
y mcthyl-y hydroxyglutaimc acid, 161, 
Fig 4 (151) 

JV methyl 4 hydroxyprolme, 154 
N methylhydroxytyramme 391 
N mctbyUaoleucmo, 109 
y methyl a ketoglutanc acid 185 
Table 6 (383) 

SDcikylJaoituoiiino, 1S2 
N methylleucme, 169 
< N mcthyll^ame, 147 
methylmothiomnesulphomum hydro 
xido, 101, Fig 16 (161) 
molliyl p methoxycumaimc acid, 210 
N mcthylnicotinamido 241 
N mothylpipcndino 383 
2f mcthylprolmo, 154 
4 mothylprolme, 153 
3 mothy Ipy'ndine 4 carboxylic acid 

159 

mcthylpyiTolidino, 383 
N mcthylpyrrolmo, 3S3 


0 moUiyUaUcylio acid, biosynithesis of. 


a methyUormo, 160 


6 methylsulphoxido amylene (4) yl 
mtnie, 161, Fig 16 (160) 

4 methylsulphoxido butene (3) yl iso 
thiocyanate, 160 

4 methylsulphoxide butene (3) yl 
nitrile, 160, Fig 15 (160) 
d methyithiolpropionic acid, 160, Fig 
14 (160) 

3 methylthiolpropionate, 250 
N roethyltry^tamine, 393 
N methyltryptophan, 170 
N methyltyromme, 391, 392 
N methyltyrosme, 170 
O methyltyrosme, 170 
N methylvahno, 169 
a methylvalme, 169 
mevalonic aeid, 205 
mexicam, 330 

microsomes, protein synthesis m, 347 
mimosme, 168 

monocotyledons, root nodules m, 74 75 
N monometbylurea, 287 
I moDuxon, 291 

[ morphine, biosynthesis of, 399 
I discovery of, 360 
occurrence of, 364 
structure of. Fig 6$ (365) 
mucomc acid, 242 
mucoprotems 308 

mucopolysaccharides, biosynthesis of, 
278 

mycorrhiza, reports of mtrogen fixation 
by, 101 

myosmme, 404 

Myncaceae, root nodules in, 40, 74-78 

mcotme biological breakdown of, 403, 
404 

biosynthesis of, 394, 395 
demotbylation of, 373, 403 
discoveiy of, 380 
occurrence of, 365-367, S63 
structure of, Fig 67 (366) 
mcotmic acid, 153, 238, 241, 305, 396, 
Fig 38 (240) 

3 mcotmoylpropionic acid, 404, Fig 
86 (404) 
rucotyruie, 404 
mtramide, 22, 122 Fig 1 (56) 
mtrate, accumulation of, 9-11, 34, 36 
atmosphcnc, sources of, 437 
deposits of m Chile, 448, 449 
distribution of m leaves, 29, 30 
m conducting tissues, 30, 432 
m plants, 4. 7, 9-11, 34, 35 
m ram, 435, 436 
m rocks and sods 443, 444 
m xylem sap, 432 
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nitrate, reductase, 21, 22, 56. 
reduction of, 19-33. 
early work on, 4, 6, 7. 
in animal systems, 10, CO. 
in loaves, 29-34. 
in roots, 34, 35. 
respiration and, 35, 30. 
uptake of, 0-18. 

carbohydrate supply and, 18. 
effect of cyanide on, 7, 10. 
light and, 28-34, 37, 38. 
mineral nutnenta and, U, n- 
ontogeny and, 10-18. 
oxj’gcn and, 16, 10. 

pH and, 12, 13. 
species effects on, 9"1I. 
nitro and plants, early idoM • 
nitric oxido in denitrification, 
nitrification, 103-115. iia_ii2 

bacterial, biochemistry of, HO-** 
copper end. 111* 
discovery of, 107. 
enzymesin, lUj ,, 

hydroxylaromo m, 110, m* 

hypomtrite m, 110, in* 
in effluents, 107. 
insoil, 107-lOp. 
intermediates m, lio, n*- 
iron and. 111* , 

molybdenum and, U^ 

on high mountains. lOO* 

by fungi, 112- 

heterotrophic, 11^* 
non*biological, 114. 113-II6. 

reports of in ongiosperms, i» 
nitrite in rain, 430* 

in biological oxidations, 1*:«* 
in xylem sap, 432. 
reductase, 22. . . pn 35. 

reduction of, effect of hg 
non-enzyroatic, 24. 
respiration and, 80. 
stages in, 20. 
toxicity of to plants, , 
to stock, 10. 
utilization of, 24. 

NitrobaeUr, 109-111- 

nitro-compounds, organ , 

of, 413, 414. 
metabolism e** ^ _J ng 

418-430. . tissues, 

compounds of in conducting 

30, 430-433. 

in phloem sap, 481* ^ 415- 

in vegetative storage g 

418. 


nitrogen, compounds of, in xylem sap, 
431, 432. 
cycle, 434-458. 
cropping and, 446. 
crazmg and, 445, 446. 
human activities and, 446-449. 
in soil, 442-444. 
industrial fixation and, 446, 447. 
non-biological processes and, 458- 

phtspiiatio fertilizers and, 447, 
448. 

sewaee disposal and, 448. 
fertilizer containing, early work on, 

fijation, 

ammonia m, 69, 60. 

SSSSis 

of, . 

by'p&ynWb.cten.,47. 

cobalt uni, “■ , j3, 

Uistnbuuon ^ j. 

cnergyreteboM • 
enzymes “ivoive 
Bcnorul 5*^53 'Sj. 

I^ooglobia 
hydrazine m, o*. 

hvdrogennse and, ’ „ 

SffiS^y'^bou»o„«id., 

iron and, "*• , -j 
magnesium gn 

reports of m 

10 li-f®, 

symbiotic, 40, 4*— 

66-71. 

in legumes, 
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nitrogen, fixation, symbiotic, in non- 
legumes, 71-80, 9&-i01. 
effects of temperature on, 92, 
93. 

techmques in study of, 42, 43. 
tungsten and, 50. 

\anadium and, 60. 
geochemistry of, 434, 435. 
morgamc,gcneralmetaboUsmof, 124, 
125. 

losbcs of from intact plants, 422. 
orgamc, assimilation of, 126, 133. 
m ram, 436, 437. 
in soil, 131—133. 
sources of in atmosphere, 440. 
sources of for plants, early ideas on, 
4-6. 

supply of to dovclopmg seeds, 322, 
323. 425-430. 

transfer of from nodulated legumes 
to other plants, 03, 04. 
from nodulated non legumes to 
other plants, 08. 

transformations of m tho sea, 441, 
442. 

^•mtropropiomc acid, 410, 413, 414. 
nitrosobcnzcae, 10, 

Nitrosoeoccus, 111. 
yurosomoruu, 108-111. 
nitrous oxide, atmospheric. 123. ' 

in dcmtnfication, 116, 117, 123. | 

m nitrogen fixation, 56. i 

mtrox>t, 122. 

nocardamme, 166, Fig. 0 (ISO), 
norhyoscyamine, 368, 309. 
norlcucinc, 163, 164. 
nomicotinc, 368, 369, 373, 374, Fic 
67 (366). 

norxalmo, 163, 174. 
nuclcoprotoins, 308. 
nucleus, relation of to protein syn- 
thesis, 345, 346. 

ophthalmic acid, 163. 
omithmo, breakdown of, 258, 259. 
formation of, 193, 218, 255, Fie. 23 
(193) 

occuiTcnco of, J65, 160. 
orotic acid, 202. Fig, 27 (201). 
oxalacGtic acid, 26, 60, 177-179 267 
231. 

oxomte ocul. 237. 
oxommoauccuiio ocul. 67. 
oiulalions, biological, mtnto and, 124 
oxunirs, fonnatiou of, 28, 67, 58, 
oxynicotine. 404. 

poxitoio acid, 203, 335. 


pantothenic acid, biosynthesis of, 
335 

papain, 320, 330. 

peptide bond, formation of, 333—336. 
phaseolunatin, 390. 
plienoxazone, derivatives of, 158. 
phenylacetylglutanune, 272. 
phcnylalamno, cyclic anhydride of. 
Fig. 52 (302). 

formation of, 206-212, Fig. 29 (209). 
precursor ofhgnin, 210-212. 
structure of. Table 4 (141). 
p pbenylethylamine, 229, 230, Table 
7 (224), Table 8 (227). 
a-phcnylglycme, 171, 231. 
phenyJglyoxyhc acid, 231. 
^-phenylhydroxylomme, 19. 
phenylpyruvic acid, 185, 208, Table 6 
(184). 

phenylsarcosine, 147. 
phosphocreatmo, 254, 255. 

3 phosphoglyccrie acid, 195. 
phosphohomoserme, 201. 
3-phosphorylhydroxypyruvic acid, 105. 
pbosphoketopentoepuseroee, Fig. 25 
(195). 

phosphopentotsomerose, Fig, 25 (105). 
phosphorylammoethanol, IDS. 
phosphosenne, 146, 105. 

5 phosphoshikimic acid, 207, 208. 
pkycocyamn, 309, 310. 
phycoerythnn, 309, 310. 
a picolme, 384. 
picolmo carboxylic acid, ISO. 
picolmic acid, 159, 240, Fig. 38 (240). 
picrorocellm, 304, Fig. 55 (303). 
pinguinam, 330. 
pimdino, 363. 

pipecoUc acid (pipccolmie acid), 155, 
218, 258, 259, 268, Fig. 43 (238). 
piponduio, 383, Fig. 85 (400). 
d^-pipendmo 3-carboxyhc acid, 218, 
259. 

pipendmo carboxylic acids, 154, 155. 
plant growth, essentials for, 1-3. 
plastcms, 332. 
platyphy lime. 382. 

Pocbxarpuf, root nodules in. 71-74. 
IKiIyphenol oxidase, 220-222. 
porphobilinogen, 197, Fig. 26 (190). 
Xiorphynns, biosynthesis of, 196, J97, 
Fig. 20 (196). 
prophemo acid, 20S, 
prolomuis, 310-312. 
prolme, breakdown of, 259. 

fonnation of, 193, Fig. 43 (258). 
occurrcnco of. 153. 
structuro of. Table 4 (141). 
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propylainino, 128, 230, Table 7 (225), 
Tablo 8 (227). 
protclnoaco, 329-331. 
proteins, 299-357. 

amino-acid composition of, I44-U7, 

bre^dovm of in detached lca\cs. 
204-207. 

ia flowers, 423, 424. 
chloroplnstic, links to lipid*. 310. 
317. 

cloasiflcation of, 308-31- 
conjugated, 303, 300. 
crj-fitalluation of, 299. . 
denaturation of, 305, 300. 
disulpliido linkages ui, 301. JUa- 
diversity of, 293. 
early studica on, -2^'^=,*-, 
cn2)’inca actmg on, 3-9, 3 • 
liomogoncity of, 229. 
hydrogen bonds m. 300. 
in chloroplasts, 314-310. 
in loa\ 08, 313-321. 410, 

in vegotativo etorago org . 

417. . 

motal-containing. 3iu. .. 
non.poptido IWago. 

poptldo linkage ni. 

^po»d dikolopipcraime ring. 
pro^;^°^dithiopip<=r«ino rings in. 

propo^ oxazoli^® 304. 

proposed thiaroUno « 

structiw of, 299-308. 

Bub'units in, 307. . ^ aspects, 

synthesis of. biochemical aspev 
329-357. 

“coding m, 353,^- ^nucleic 
effects of " 

acids on, 344, 345. 34i_343. 

effects of 333. 

effects of on, 343. 

effects of nbonucl^ 

energy «^‘‘;‘°^of351-355. 
genetic control oh^‘'*g 
hormonal effect, '-ggjgji, 

m oeU-froo systf'™’.?, 

to detached fruit", ""d 329, 356. 
to different “6““' 320, 32>. 
in variegated leave . 

to 420, 422- 

in leaves, It 

m microaomos, a*'. 
to initoohondna, jjg. 329. 

.i„re.poaietowom^^|.3^ 

in rooted leaves, 


proteins, sjuthesis of, in seeds, 321- 

in vegetative storage organs, 328, 
329. 

in viruses, 34^345. 
intracellular sites of, 345-349. 

metals required in, 325. 

nucleic acids and, 341-345, 351 

Duditidcs and, 317_ 

photosynthesis and, 30-34. 317 

TC^ition of, 45.347 

An of n^leus ^^. 34^3*^29. 

respiration and, > 

„Sio»ofabnem.jBnb.trate3 

■•lOT^tas" in, M3, 354. 
P?S7S»tm., 404, Fig. 


^udohydroxywco**"®' = 

psilocine, 23J 394. 

„on,biologie»4j»“f “t , 333, 

JSS::3’.3‘S?'.5Ti30. 

§2fS”S..433,- 

**^83). 

,• biosynthesis 

quinic ntu®' ^ 206-210. 
’toOlaboba” “’.4 j 3(206). 

"trueWreef.F'g, 

‘l“lSS‘toS.veryef,“'>- 

Jjtoaolme, 361, ^iO, Fig- 03 

^ 221. 222. 


164. 
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stiiolobic ncid, J57. Fiff. 11 (ISS). 
storage organs, vrgctotivp, mtrogca 
comjiouniU in, 4i:^i8. 
protein s>^lthesu^ in, 327-329. 
btrj-clmino, (U>co^c’^>’ of. 300. 
succinic sciniuldclijdc, 182, 100, Table 
0 (1S4). 

.Y-succinylglutomic jiciil, 139. 

3-auccinoylpyri(iino, 404. 

sugars, comix)und3Qf\\ithiunmo.aci(ls, 

173. 

^•suIplunylpyruviQ acid, 232. I 

suJphoacetic acid, 402. 
sulphoxidcs, occurrenca of, 100, 101. 
sulphur, clonicnta), nictabolkm of, 
411, 412. 

Burlnorniiic, 170. 


tabtoxinino, 152. 
taurine, 253, 234, Fig. 42 (253). 
taxino, 303. 

tellurium, incthylntion of, 3S9, 330. 
tcloidinono, sj-ntbesis of, 3S5, Fig. 70 
(385). 

tonuuzonio ncid. 138, Fi'g. 11 (138). 
tcrpciics, occurrcnco of, 205, 200. 
totruotliyltliiuram disuIpliiJo, 413. 
totrahyjrofolic Aci<l, J94, Fjg. 24(194). 
tetriUjydrobaniJfln, structuro of. Fig. „raciJ, 353. 


trigonelline, 174, 241, Fig. 20 (174). 
3,3,3'-tnjodothyronine, 146. 
trunethylamine, 229, 
trunclhylbistaimne, 228, 
tropic acid, 396, 402. 
tropinono, synthesis of, 384, 390, Fjg, 
72 (383). 

trypioinmo, metabolism of, 243, 244. 
occurrcnco of, 386, 393, Table 7 
(225), Table 8 (227). 
try'ptophan, breakdown of, 236-247, 
Fig. 37 (238). 

Ibrmation of, 107, 2I2-2I4, Fig. 
31 {213). 

structure of. Table 4 (141), Fig. 84 
(393). 

tiyptophol, 230. 
tnneino, 173. 

tvTamino. occurrence of, 391, Table 7 
(225), Table 8 (227). 
strucluro of, Fig. 83 (391). 
tyrosine, foimation of, 200-212. 
isomers of, 170. 171, 
oxidation of, 221, 222. 
structure of, Table 4 (141), Fig. 83 
(391). 

tyroso), 230, 231. 


80 (387), 
tiynthuis of, 387. 
totramothylputrcscuic, 396. 
thoanino (othylglutanimo), 151, 293, 
Fig. 5 (152). 
tiicabromino, 128, 2S4. 
fhoophyllino, 284. 
/8>(2'lhiazo!o)-/?-alanino, 140. 


urea, assimijatjon of, 126, 132, 130, 

cycle forming. 21C-2lS,Fig. 3^ (216). 
derivatives of aa herbicides, 291. 
formation of from purines, 2s4-2Stf. 
infungi.28I.282. 

>n voscutor plants, 282, 283. 
urease, 2S0, 287. _ 


thiocyanates, metabolism of, 410, 411. ) sssimilotion of, 127. 


2'thloUiistidjno, 160, Fig. 13 (159). 
jS-thiolpyruvatc, 411. 
tliiourca, 290, 291. 
threonine, decarboxylation of, 228. 
formation of, 200, 201. 
metabolism of, 200, 201. 
Btructuro of. Table 4 (140). 
thymine, 353. 
thyronine, 148. 
thyroxine, 146. 
tigjio acid, 234, 235, 402. 
tigloidino, 369. 

tomatidme, 378, Fig. 70 (377). 
tomatine, 378, 379. 
transamidation, 277, 335. 
transamidination, 254. 
transamination, 179-188, 231, ^3^. 
transketolase. Fig. 25 (195). 
traasinetbyiation, 254, 374, 339. 
transpeptidation, 335. 


occurrence of, 282, 283. 
physiology of, 288, 290. 

O-ureidohomosenne, 465. 

ureidoimidazolyl carboxylic acid, 288, 
Fig. 49 (288). 

uric acid, assimilation ^.137. 

breakdown of, 284-28B, ng. 
(285). 

ursolic acid, 206. 
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propylamino, 128, 230. Table 7 (225), 
Table 8 (227). 
protcinosca, 329-331. 
proteins, 295-357. r t 4 » 

amino-ocid composition of, 144-14/, 

breakdown of in detached leases, 
204-207. 

in flowers, 423, 424. 
chloroplastic, links to lipids, Jia, 

classification of, 308-312. 
conjugated, 308, 309. 
crj-stollization of, 299. 
denaturation of, 30o, 300. 
disulphide linkages m, 301, JUJ- 
diversity of, 298. 
early studita on, 20^-8®- 
enzymes acting on, 3,^J, 
homogeneity of, 299. 
hydrogen bonds m. 300. 
in chloroplaats, 314-310. 
in loaves, 313-321. .-„na 410, 

in vegototivo storage o g « 

417. 

raotal-containing, 310. 
non.peptide 

peptide linkages m. ^3^ in 

proposed dikotopiperaimo rings 

propLd ^dithiopiperazine rings m. 

proposed oxazoline 304 . 

proposed thiazoline rmgs 
secondary bonds m. 300. Mi. 
structure of, 299-308. 
sub.units in, 307. aspects, 

synthesis of, biochemical 
329-367. 

“coding in, 363, J - ^^nucleic 

effects of 

acids on, 344, 346. 34|_343. 

effects of antibiotics . 

effects of pressure on. 33J. _ 

effects ofribonucl^sej’"' 
energy relation o * ^^ 355 . 

genetic control of, 
hormonal effects o • 
in ooll-rroo 

in detached fruits, 356. 

in roicrosomes, ‘ * 
in mitochondria, 34^ ^29. 329. 

-in response to 

rf^nted leavos, * 


proteins, sj-nthosis of, in seeds, 321- 

in veg'etative storage organs, 328, 
329. 

in viruses. 343-345. 
intracellular sites of. 345-349. 
metals required in, 325. 
nucleic acids and, 341-345, 351 

nuStidos and, 3^-339. 
photosynthesis and, 30-34, Ji/ 

* 321. 

regulation of, 36&-357. 

reffion ^ ’gS* 3 M, 

respiration and, 262, J2B, 

atStion of abnormal substrates 

in, 340. , ^ 

“templates" m. 363. 354. 

psilocine, 23’- 394. 

{ailocybine. W7. 3^4. 

^es. biosynth^isoi. 

3.^iSy^‘Jj^“=id,"259. 

*^^183). 

,„er.itin,bi?synthosisof,2i- 

5uLnaldioM^3^-’;^of,360. 

quinioMid, 206-210- 

'>“S‘ toSory »..=“• 

quinoline, 361. yig. 33 ( 2 W). 
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stizolobic acid, 157, Fig. H (153). 
storage organs, vegetative, nitrogen 
compounds in, 415-413. 
protein, synthesis in, 327-3-a. 
strychnine, discovery of, 360, 
succinic semialdehyde, 182, 190, Ta 
6 (184). 

N-succinylglutanuc acid, 159. 
3-succinoylpyridine, 404. _ 

sugars, compoimds of with amino^acias, 
173. 

^•Bulphinylpyruvie acid, 252. 
sulphoacetic acid, 402. 
sulphoxides, occurrence of, lb > • - 

sulphur, elemental, metabolism oi, 
411, 412. 
surinamine, 170. 

tabtoxinine, 162. 
taurine, 253, 254, Fig. 42 (-53). 
taxine, 363. -gn 

tellurium, mothylation of, 38 , 
teloidinone, synthesis of, »• 

ttiuMomo acid, 168, f'S- “i'f *' 
terpenes, occurrence of) 203* • 

tetraothylthiuram_disidphidj4io^^^j^ 

totrohydrofohe acid, 194, Fig. „ 
tetraliydroharman, structure * 

80 (397). 
synthesis of, 387. 
tetrametliylputrescino, 
thcanine (ethylglutaminc). • 

Fig. 5(162). 
theobromine, 128, -o4- 
theophylline, 284. „ 

fi.{2.thiazolo)-^-olanino, 

thiocyanates, metabolism • . 

2.thiolhistidino, 160. F.g. H 

0-thioipyruvato, 411. 
thiourea, 290, 291. of 228. 

thrtxinine, decarboxylat’ * 
formation of, 200, -01. 
metabolism of, 209, - • 

structure of. Table 4 (140). 
thiTnino, 363. 
thyronine, 140. 
thyroxine, 140. „ 

tiglic acid, 234, 235, 40- 
tigloidlnc, 309. n77). 

tomatidino, 378, Fig* V 
tomatiiio, 378, 379.^ 

transamidation, 2“^'; " 

transamiduiation, -y4‘ 

tronsainiiialion, 1"^^ .g.7 

transkctolase. Fig. 274 389. 

tranaincthylation, -S*. 

transpeptidation, 335. 


trigoMllin.. 171, 211, Ff; I'”)' 

3,5,3'*triiodofh>'roninc, 146. 
trimethylamine, 229. 

trimethylhistamino, 2-3. 
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